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Abstract
Beta-decays of neutron-rich nuclei near the doubly magic 78Ni [78Ni] were studied
at the Holifield Radioactive Ion Beam Facility. The half-life and the gamma-gamma
coincidence spectra were used to study the nuclear structure. A new 82,83Zn [82Zn,
83Zn] decay-scheme was built, where a 71±7% beta-delayed neutron branching ratio
was assigned in 82Zn [82Zn] decay. New gamma-ray lines and energy levels observed
in 82,83Ga [82Ga, 83Ga] beta-decay were used to update previously reported decay-
schemes. The experimental results were compared to shell model calculations, which
postulate the existence of Gamow-Teller transitions in these decays. The half-lives of
155±17 and 122±28 ms were determined for 82,83Zn, respectively.
In order to enable future studies of very neutron rich isotopes a new detector was
developed as a second project. This detector is intended for use in fragmentation
type experiments, which require segmentation in order to enable implantation-decay
correlations. In addition, the detector requires good timing resolution for neutron
time-of-flight experiments. A Position Sensitive Photo-Multiplier Tube (PSPMT)
from Hamamatsu coupled with a 16×16 fast pixelated plastic scintillator was used.
The PSPMT’s anodes form 8×8 segment panel used for position reconstruction.
Position localization has been achieved for energies range of 0.5-5 MeV. A single
signal dynode (DY12) shows a sufficient time resolution between this signal and the
anode’s signals, which enable us to used DY12 signal alone as a trigger for timing
purposes. The detector’s DY12 signals was tested with reference detectors and it
provided a sub-nanosecond time resolution through the use of a pulse-shape analysis
v
algorithm, which is sufficient for use in experiments with the requirement for the fast
timing. The detector ability to survive after implanting high-energy ions was tested
using a laser that simulated energy of 1 GeV. The recovery time of the detector in
this situation was 200 nanosecond.
vi
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Chapter 1
Introduction
This dissertation combine two projects. The first part is the study of nuclear structure
of neutron-rich isotopes via the β-decay spectroscopy. Two sets of experimental
data were analyzed, this analysis was complemented with theoretical shell model
calculation. The second part is a development of a segmented detector to be used in
fragmentation type experiments for β-decay studies.
1.1 Beta-decay spectroscopy
The β-decay spectroscopy studies of neutron-rich nuclei far from stability are
important to explore nuclear structure and astrophysical processes involving atomic
nuclei. Neutron-rich isotopes can be produced by fission, fragmentation and spallation
using intense beams of stable ions and thick targets. When beams of high-energy
particles strike a target material, a large variety of isotopes are produced. Many of
the produced species generated in the nuclear reactions are unstable. The in-flight
electromagnetic isotope separator on-line (ISOL) technique was used to separate the
most desired isotopes out of the other species and produce pure isotopic samples.
The decays of neutron-rich nuclei far from stability can occur via βγ, βnγ and
βxnγ emission channels (where we will use β symbol to refer to β−). Measurement of
the β-decay lifetime provides one of the most fundamental properties of the nucleus.
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Detailed studies of branching ratios reveal the so called decay strength distribution,
which is a direct consequence of the nuclear structure effects, and also determines
the nuclear lifetime. The main purpose of this work is to investigate the β-decay of
the very neutron rich zinc isotopes near the 7828Ni doubly magic nucleus. The β-decay
spectroscopy studies together with measuring the life-time of the nuclei in this region
will improve our understanding of the nuclear structure and can be used to improve
the modeling of nucleosynthesis process, which may affect the predication of r-process
path [1].
Two experiments were performed at Oak Ridge National Laboratory (ORNL) in
2011 in order to study the 82,83Zn isotopes. The β-decay scheme of 82Zn is first time
reported in this work while a new high-energy γ-ray levels were added to previously
reported 82Ga β-decay and 83Ga βn-decay schemes [2, 3]. The population of high-
energy states is due to particle-hole excitation involving the 78Ni core, which can
decay via allowed Gamow-Teller (GT) transitions between spin-orbit partners, such
transition leave the daughter nucleus with a high excitation energy.
The experimentally obtained results were compared with a theoretical shell model
calculation performed using NuShellX computer code [4]. These calculations were
used to confirm the existance of the high-energy excited states and to strengthen our
assumption about Gamow-Teller transition to these states.
The half-lives of 82,83Zn (228±10, 117±20 ms) were calculated for the first time
by M. Madurga et al. [5] from the same data used in this work. Other half-lives
measurements were done using a different technique for detection of neutron-rich
nuclei including 82Zn [6], a shorter half-life (178±3 ms) was found. A more precise
half-lives evaluations were repeated in this work, and different half-lives were found.
1.2 Fast segmented scintillator detector
The success of the nuclear decay experiments depend on many factors such as the
ability to produce radioactive isotopes, identify and purify the desired isotopes and
2
detect their decay in an efficient way that provide us with all necessary information
needed to study it. The produced isotopes can be electromagnetically separated using
e.g. the ISOL technique in order to produce a pure isotopic sample. Alternatively,
the isotopes produced in the reaction are separated in the segmented detector to
identify each group of isotopes as in the fragmentation type experiments. Each one of
the experimental cases needs a certain configuration of different detectors to give the
proposed result. The neutron spectroscopic studies of β delayed neutron (βn) decay
use neutron time-of-flight (TOF) to measure neutron’s kinetic energy, which requires
a high time-resolution triggering detectors.
The Double-sided Silicon Strip Detectors (DSSD) are ideal for detecting the
charged particles emitted from nuclei and correlate between implantation and decay
events with a good resolution. The DSSD is used in fragmentation type experiments to
identify the produced isotopes. Unfortunately, DSSD has insufficient time resolution
to be utilized alone in situation where fast timing is required [7]. We developed a fast,
segmented trigger detector that can be used alone or with the DSSD in fragmentation
type experiments. It is a combination of a Position Sensitive Photo-multiplier Tube
(PSPMT) with a fast segmented scintillator. This Detector is ready to be used in
real fragmentation type experiments after it was successfully built and tested using
various nuclear radioactive sources.
3
Chapter 2
Theoretical Background
The nuclear landscape (Fig. 2.1) is composed of approximately 3,000 stable and
radioactive nuclei that either occur naturally on Earth or are synthesized in the
laboratory. These 288 stable nuclei form the valley of stability [8]. Each nucleus is
specified by mass number A, which is the total number of the protons Z and the
neutrons N inside the nucleus (A = Z+N). The right-hand side of the blue region of
Fig. 2.1 represents the neutron-rich nuclei, which decay via β and βn channels, these
decays try to bring the daughter nuclei back to the valley of stability.
The purpose of this project is to analyze the β-decay spectroscopy neutron-
rich isotopes near the doubly magic nucleus 78Ni (28 protons with 50 neutron) and
interpret the results within existing nuclear models. In order to do that, we have
to have a complete understanding of the nuclear models used to explain the decay
mechanism. This chapter will briefly overview relevant details of the shell model and
β transitions mechanism.
2.1 Shell model
The nuclear shell model is a quantum mechanical many body formalism implemented
to describes the structure of the nucleus. This model can be used to solve for the
4
Figure 2.1: Nuclear landscape shows the neutron-rich nuclei on the right-hand side
of the black region (blue region), Green arrows indicates a possible r-process path in
astrophysical nucleosynthesis [9].
energy levels and spin by considering the nucleons to be confined in average nuclear
potential.
2.1.1 Nuclear energy levels
In order to solve for the nuclear energy levels, we have to write down the Hamiltonian
operator which describe a nucleons in the nuclear potential then solve the time-
independent Schro¨dinger equation. The Hamiltonian can be written as
H = − ~
2
2m
#»∇2 + V ( #»r ),
where
#»∇2 is the Laplace operator. V ( #»r ) represents the nuclear potential.
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In the spherical coordinates, the Hamiltonian operator become as
H = − ~
2
2m
1
r
∂2
∂r2
r +
`(`+ 1)
2mr2
+ V ( #»r ).
Since we have a spherical symmetry, we can write the wave function as
ψ = R(r)Y`m(θ, φ),
where Y`m(θ, φ) is the eigenfunction of the angular momentum of the operator `
2(θ, φ)
where
`2Y`m(θ, φ) = ~2`(`+ 1)Y`m(θ, φ).
The Schro¨dinger radial wave function R(r) can be written as
(
− ~
2
2m
1
r
∂2
∂r2
r +
~2`(`+ 1)
2mr2
+ V (r)− E
)
R(r) = 0. (2.1)
Wood-Saxon potential (Eq. (2.2)) is one of earliest nuclear potential. This
potential falls somewhere between the two extremes, the soft-surface harmonic
oscillator, and the hard-surface square well as shown in Fig. 2.2.
V (r) =
V0
1 + exp
(
r −R
a
)
,
(2.2)
where V0 is the depth of the potential, r is the redial distance of the nucleon from
the center of the potential, R = r0A
1/3 is the radius of the nucleus, a is a length
represents the surface thickness of the nucleus.
In practical applications, Woods-Saxon potential has the disadvantage that it
cannot be solved analytically. Potentials like the potential well and harmonic
oscillator can be solved easily to give the energy levels as explained in the following
points.
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r0
V (r)
V0
Potential well
R
Harmonic oscillator potential
Wood-Saxon potential
Figure 2.2: Nuclear potentials
• Potential well: The potential well shown in Fig. 2.2 can be expressed as
V (r) =
 −V0, 0 ≤ r ≤ R0, r > R ,
where V0 > 0.
The solution of this potential discussed in Appendix A.1 defined that 2, 8, 18,
20, 34, 40, 58, etc. represent closed shells. Some of the magic numbers such as
2, 8 are produced, but no one of the higher magic numbers are correct, which
means that the potential function must be modified.
• Harmonic oscillator potential: is a smooth potential as shown in Fig. 2.2.
It defined as
V (r) =
1
2
mω2r2.
The solution of Schro¨dinger equation using this potential discussed in Ap-
pendix A.2 shows that the first three of the closed shell total number (2, 8
and 20) are a real magic numbers, but the rest are not. This issue was solved
by adding the spin-orbit interaction to the harmonic oscillator potential.
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2.1.2 Spin-orbit splitting
Since each nucleon has a spin and orbital momentum, it must has a spin-orbit
interactions similar to what found in the electron’s shell model. Spin-orbit interaction
was postulated in 1949 by M. Mayer [10]. The spin-orbit interaction was added to
the harmonic oscillator potential and the total potential VT (r) become
VT (r) = V (r)HO − vs(r) #»L. #»S ,
where VHO(r) is the harmonic oscillator potential, vs(r) is spin-orbit interaction radial
function,
#»
L(
#»
S ) is the orbital(intrinsic spin) angular momentum operator. The Total
angular momentum
#»
J operator is given by
#»
J =
#»
L +
#»
S .
By using the fact that the orbital and intrinsic spin angular momentum operators
commute with each other, we can take the inner product of
#»
J with itself,
#»
L.
#»
S =
1
2
(
J2 − L2 − S2) , (2.3)
The value is given by
〈 #»L. #»S 〉 = 〈J2〉 − 〈L2〉 − 〈S2〉 = ~
2
2
[(+ 1)− `(`+ 1)− s(s+ 1)]
=
~2
2
[(+ 1)− `(`+ 1)− 3/4] ,
where the value of s is 1
2
and  = `± 1
2
, the spin-orbit interaction become
〈 #»L. #»S 〉 =

~2
2
`,  = `+
1
2−~2
2
(`+ 1),  = `− 1
2
. (2.4)
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Equation (2.4) shows that each ` > 0 energy level can split into two levels with
~2
2
(2` + 1) gap between each splitted level. Figure A.1 shows the energy levels
predicted by the shell model (listed in Table A.1), the spin-orbit splitting is shown
on the right-hand side of this figure with the correct nuclear magic numbers.
A large body of experimental evidence supports the shell model with the spin-
orbit splitting. Neutron separation energy is one of the evidence where it was noticed
a sudden drop in the neutron separation energy when a new neutron added beyond
one of the neutron’s magic numbers. Figure 2.3 shows odd numbers of neutrons with
even numbers of protons, where we see the sudden drop in neutron separation energy.
2.2 β-Decay and the weak interaction
Electrons and neutrinos produced by β-decay are examples of leptons, which do
not interact with the strong nuclear forces and cannot be found inside atomic
Figure 2.3: A collection of neutron separation energies taken for even-Z and odd-N
nuclei vs the neutron number, a sudden drop in the separation energies take place
after the neutron number pass the assigned magic number by one neutron. This figure
is taken from [11].
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nucleus. β-decay is a consequence of weak interaction where the one proton(neutron)
of the atomic nucleus decay to neutron(proton) and positron(electron) with neu-
trino(antineutrino) as described below
β+ − decay : p −−−−→ n+ e+ + νe,
β− − decay : n −−−−→ p+ e− + νe.
Another form of electron interaction with atomic nucleus is the electron capture
(EC), where one of the inner atomic shell electrons absorbed by a proton of the atomic
nucleus converting it to a neutron, this interaction associated with a neutrino that is
emitted from the converted nucleon.
EC: e− + p −−−−→ n+ νe.
The β-decay usually leave the daughter nuclei in an excited state, followed by γ-
decay to lower excited states. If the excitation energy is above the neutron separation
energy in the daughter nucleus (Sn), a neutron will be emitted leaving a daughter
nucleus with (A−1) mass number, such decay is called β-delayed neutron (βn) decay.
β-delayed proton and β-delayed fission are other examples of the composite β-decay
modes. The rate of the βn emission increase further away from the β-stability line
toward the neutron-rich nuclei.
Neutrino and electron will share the energy difference between the parent and
daughter nuclei masses (Qβ), which means that the electrons in the β-decay are
shown to have a continuous range of energies up to some maximum value Emax..
Qβ = m(A,Z)c
2 −m(A,Z ± 1)c2 −mec2 = Ee + Eν ,
where ±1 is according to β±-decay, Ee is the kinetic energy of charger β-particle, Eν
is the neutrino’s energy.
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The mechanism of β-decay can be understood through the Standard Model, where
it assumed that each nucleons is a composition of elementary particles Quarks, each
quark has a spin 1/2. Table 2.1 shows the physical properties of these quarks. The
nucleons are composed of quarks, where the single proton composed of three quarks
(udu), while (udd) represents single neutron. Quarks interact with each other with
the weak force by exchanging W± and Z mediator bosons of spin equals to one. W±
has a charge of ±e and a mass of ≈ 80 GeV/c2, which is much heavier than the mass
of the proton. Z is electrically neutral particles of ≈ 91 GeV/c2.
Table 2.1: Quark’s names with its symbols, electric charge and isospin.
Name Up Down Charm Strange Top Bottom
Symbol u d c s t b
Charge(e) +2/3 -1/3 +2/3 -1/3 +2/3 -1/3
Isospin T3 1/2 -1/2 0 0 0 0
In the β−-decay, one of the down quarks in the neutron converted to up quark by
emitting W−, which decays to an electron and antineutrino. The opposite process
occur in β+-decay. Figure 2.4 shows the Feynman diagrams for both β±-decays with
the intermediate heavy W± bosons. It was found that the parity is not conserved
in weak interaction such as in β-decay. Parity violation was proved experimentally
t
udd
n
udu
W−
e−
ν¯e
p
udu
p
udd
W+
e+
νe
n
Figure 2.4: Feynman diagrams of β−-decay to the left, and β+-decay to the right.
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by C.S. Wu [12]. The reason for Parity violation observed in Wu experiment is
explained due to the weak interaction intermediate bosons (W±) are coupling only
to left-handed particles (linear momentum and spin in the same direction) and the
right-handed antiparticles (linear momentum and spin in the opposite direction).
β-decay is a transition from parent nucleus initial state to the daughter nucleus
final state. This transition depend on the spin and isospin of those states. The β
transitions are subject to some selection rules, which determine by the initial and
final state’s quantum numbers.
2.3 Allowed β-decay
β-decays was found to occur with a faster rate when the produced leptons carry away
` = 0 angular momentum, this transition is known as allowed transitions. Decays with
` > 0 carries by leptons are known as forbidden transitions. As mentioned before, the
transition rate depend on the the isospin and the spin of the states.
2.3.1 Isospin
Isospin is a quantum number introduced by W. Heisenberg in 1932 [13]. Weak isospin
operator related to the weak interaction and usually referred to as T (= T1 +T2 +T3).
The third component of isospin projection T3 is given in Table 2.1. Isospin eigenstate
|ψT 〉 is characterized by
T 2|ψT 〉 = T (T + 1)|ψT 〉,
T3|ψT 〉 = T3|ψT 〉,
As discussed in Appendix A.3, the isospin ladder operator can be transfer the proton
to neutron and the neutron to proton as shown in Eq. (2.5).
τ+|p〉 = |n〉, and τ−|n〉 = |p〉, (2.5)
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where τ (j) is the jth nucleon’s isospin,
T =
A∑
j=1
τ (j).
2.3.2 β-decay transition rates
The weak interaction is considered as a perturbation occurred to the nuclear states,
and the β-decay rate can be calculated using the Fermi’s golden rule
W = 2pi
~
|ψf (r)H ′βψi(r)|2
dn
dE
, (2.6)
where ψi(r)(ψf (r)) are present stationary initial(final) states.
dn
dE
is the density of
states for the particular process. H ′β is the perturbation Hamiltonian. Use Transition
rate Eq. (2.6) with a specific interaction H ′, where the initial state is a simple single
state represents the parent nucleus, while the final state represents three particles,
charged, uncharged leptons and the daughter nucleus, where the produced leptons
considered as a free particles with no electromagnetic interaction between atomic
nucleus and produced leptons as a first approximation.
ψi(r) = |JiMiTi〉,
ψf (r) =
1
V
exp(i
#»
k . #»r )|JfMfTf〉,
(2.7)
where T refer to isospin, and #»k = #»k e− + #»k ν¯ . The exponential exp(i #»k . #»r ) with the
inner product can be expanded in term of spherical harmonics Ylm(θ, φ) as
ψf (r) =
1
V
{
1 + i
√
4pi
3
(kr)Y10(θ, 0) +O((kr2)
}
|JfMfTf〉.
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or
〈ψf (r)|H ′β|ψi(r)〉 =
1
V
〈JfMfTf |H ′β
{
1 + i
√
4pi
3
(kr)Y10(θ, 0) +O((kr2)
}
|JiMiTf〉.
(2.8)
The first leading-order terms in the Eq. (2.8) generally known as the operators for
allowed transitions. The higher order terms involve spherical harmonics of ` > 0 are
known as forbidden decays.
The perturbation Hamiltonian composed of two cases (see Ref. [14]). First one is
the ladder operator(τ−) that convert the neutron to a proton in β−-decay, and the
resultant leptons coupled with total spin 0 (singlet state), which represent the Fermi
decay. When the leptons coupled to total spin 1 (triplet state), a spin operator #»σ
with the ladder operator must act on the neutron to convert it to a proton and reverse
his spin, this case represent the Gamow-Teller decay. These two cases was presented
by the non-relativistic limits of the V -A (vector - axial vector) theory proposed by
Marshak and Sudarshan and by Feynman and Gell-Mann [15, 16].
〈ψf (r)|H ′β|ψi(r)〉 =
1
V
〈JfMfTf |
A∑
j=1
gV 1τ
−(j) + gAσ(j)τ−(j)
×
{
1 + i
√
4pi
3
(kr)Y10(θ, 0) +O((kr2)
}
|JiMiTf〉.
(2.9)
The density of final states given in Eq. (2.6) is shared by three particles final state,
neutral lepton, charged lepton and daughter nucleus. The neutral leptons can be
treated as a free particles because it has a very weak interaction with matter. The
charged leptons cannot be treated as a free particles, but we can start from a free
particle formulation then fold it with a Coulomb effect correction factor (Fermi
function) f(Z,Ee) [16]. The total transition probability of Eq. (2.6) for the allowed
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trnasition can be written as
W = 1
K
∣∣〈ψf (r)|H ′β|ψi(r)〉∣∣2 f(Z,Ee) = 1K (BF +G2AVBGT )f(Z,Ee), (2.10)
where K=8859.6 second, and GAV =
gA
gV
are constants. BF and BGT are the Fermi
and the Gamow-Teller matrices given following equations
BF =
∣∣∣< JfMfTf |∑Aj=1 1τ−(j)|JiMiTi >∣∣∣2
2Ji + 1
,
and
BGT =
∣∣∣< JfMfTf |∑Aj=1 τ−(j)σ(j)|JiMiTi >∣∣∣2
2Ji + 1
.
where 2J + 1 factor comes from the average over initial states. The transition total
probability W between the initial and expected final states can be linked to the
β-decay half-life T1/2 as
W =
∑
k
Wi→k = ln(2)
T1/2
. (2.11)
Compare Eqs. (2.10) and (2.11), we can write ft-value as
ft ≡ f(Z,Ee)T1/2 = ln(2)K
BF +G2AVBGT
. (2.12)
where ft-value determine the the probability of β-decay transition. A small ft-value
means more transition probability. Usually, ft-value taken in a logarithmic scale.
The selection rule for the β-decay transition is shown in Table 2.2, where both
Fermi and Gamow-Teller in addition to the forbidden β-decay transitions which
related to higher angular momentum ` > 0 of the spherical harmonic function
in Eq. (2.9) are listed. The ft-value of each decay type are shown in this table
too.
Beta-decay usually leave the daughter nucleus in excited states, the excited
nuclei can decay through electromagnetic transition in case the excitation energy
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Table 2.2: β-decay transition types and selection rule, β-decay type depend on the
angular momentum `, where ∆J = ` or `+1. The parity conservation between initial
and final β-decay state determined by ∆pi = (−1)`.
Decay type ` ∆J ∆pi ∆T log10 ft [17]
Fermi 0 0 no 0 3.1-3.6
Gamow-Teller 0 0,1† no 0,1 2.9-7.2
First forbidden 1 0,1,2† yes 0,1 3.0-10.6
Second forbidden 2 1,2,3 no 0,1 5.1-19.1
Third forbidden 3 2,3,4 yes 0,1 5.5-24.3
† Ji = Jf = 0 is not allowed.
is not enough to emit a nuclear particles. The change in the charge distribution
and the proton-orbital current loops between initial and final state produce this
electromagnetic transitions. Electromagnetic transition can have many types. The
most popular type is emitting a high-energy photon (γ-ray) of s = 1 spin. If total
angular momentum J is not changing between the initial and final states (∆J = 0),
a γ-photon of s = 1 cannot be emitted, instead of this we get an internal conversion
whereby one of the atomic electrons is ejected. Another possibility when ∆J = 0 is
pair-production using creation of a pair of electron and positron in opposite directions,
this type has a small probability and occur only if the transition energy is larger than
twice of electron rest mass energy (mec
2 = 0.51 MeV).
Selection rules of electromagnetic transition depend of the total angular momen-
tum of the initial and final states, where the angular momentum conservation low
determine the electromagnetic momentum (λ), which determine the electromagnetic
transition order
Jf = Ji + λ,
|Jf − Ji| ≤ λ ≤ Jf + Ji.
(2.13)
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The initial and final transition orbital parity can be used to distinguish between the
electric and magnetic transition as shown in the following relation
piipif =

+1,
 Eλ, even λMλ, odd λ
−1,
 Eλ, odd λMλ, even λ
.
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Part I
The Beta Decay of 82,83Zn and
Nuclear Structure around N=50
Shell Closure
18
Abstract
Beta-decays of neutron-rich nuclei near the doubly magic 78Ni were studied at the
Holifield Radioactive Ion Beam Facility using ISOL technique. The half-life and
the beta-gated gamma-gamma coincidence spectra were used to study the nuclear
structure. A new 82Zn decay-scheme was built, where a 71±7% beta-delayed neutron
branching ratio was determined. A 109 keV gamma-ray doublet line was observed in
83Zn-decay. New gamma-ray lines and energy levels observed in 82,83Ga beta-decay
were used to update a previously reported decay-schemes of these isotopes. The
experimental obtained results were combined with theoretical shell model calculation
to located the Gamow-Teller transitions in these decays. The half-lives of 155±17
and 122±28 ms were determined for 82,83Zn, respectively.
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Chapter 3
Experiment Setup
Nuclear experimental and theoretical studies are inseparable parts of the endeavor
aiming to improve our understanding the physics of the nucleus. Nuclear decay
represents an important sub-field of the nuclear physics, it can be defined as study of
the processes by which unstable nuclei lose energy spontaneously by various forms of
radiation, e.g. emitting neutrons, β particles (electrons and neutrinos), α and γ-rays
from their ground and isomeric states.
Holifield Radioactive Ion Beam Facility (HRIBF) in ORNL was capable to produce
beams of short-lived radioactive nuclei. This facility was used to perform a β-
decay experiments on the radioactive 82,83Zn, where the parent unstable nuclei were
produced and implanted in spectroscopy station. Decays were studied using γ and
β-detectors, which surrounded the implantation area. In this chapter we will describe
the experimental processes that took place in these experiments.
3.1 ISOL technique at the HRIBF
Isotope separator on-line (ISOL) technique was utilized at the HRIBF to produce
neutron-rich unstable nuclei. The process starts with accelerating protons from the
Oak Ridge Isochronous Cyclotron (ORIC) and ends by implanting the radioactive
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Figure 3.1: An operational schematic shows main parts of the ISOL technique at
the HRIBF [19].
ions on a moving tape in the experimental area as shown in Fig. 3.1. The main steps
take place in ISOL are explained in the following references [18, 19].
• ORIC: The radioactive ion beams (RIB) process starts with producing high-
intensity light ion beams of protons, deuteron and helium in ORIC up to 66, 50
and 100 MeV, respectively.
• Ion source: the accelerated protons collide with a high-temperature target
of uranium carbide. Fission fragments from 238U nuclei will be produced with
a wide range of masses. These fragments will be transported as a vapor of
positive ions to ion source chamber, then ions a certain electric charge q will
be accelerated through electric potential difference (∆V ) up to E =40 keV to
injected inside the mass/isotope separator.
∆V =
E
q
.
The high-temperature of about 2000 oC prevents produced ion from sticking on
the walls of the enclosure during the transfer.
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• Mass/isotope separator:Radioactive ions are transmitted from the ions
source to the mass separator at 40 keV, Desired isotopes can be selected by
using the mass separator. Since the desired ions with a certain electric charge
have the same energy, it path radius inside the magnetic field will depend on
the its mass as shown in the following relation derived from Lorentz force,
r =
√
2E
qB
√
m. (3.1)
Ions which do not follow the radius r, e.g. due to different mass will stopped
on the narrow opening located behind the magnets.
• Charge Exchange cell: a cell containing cesium vapor of thickness about
1015 atoms/cm2, which may be used before the isobaric separator, to change
positive ions into negative ions. At least two collisions with a single vapor atom
are required, first collision neutralize the positive beams ion, the second collision
turn the neutral beams particles to a negative ions. This process is necessary
before inject RIB into the tandem accelerator requires negative ions.
For some elements it is not possible to gain a negative charge state due to
negative electron affinities such as with zinc and cadmium, where the electron
affinity of an atom or molecule is defined as the amount of energy released
when an electron is added to a neutral atom or molecule to form a negative
ion. Therefore, this property provides an advantage to study the isotope whose
isobaric neighbors cannot form a negative ion, where these ions will be removed
totally from the radioactive beam when it accelerated through the tandem.
One major problem with using this charge exchange cell is that it reduces beam
intensity because many of the ions will loose too much energy and cannot pass
through the cell. The charge exchange cell will reduces the beam to about
5-10% of its original intensity.
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• Isobar separator: Radioactive ions accelerated to 200 keV when they leave
the high-voltage platform and focused through an opening in front of isobar
separator. The magnet in this separator is much longer than the magnet of
the mass separator, which enhance the mass separation. The resolution of this
separator is ∆m
m
≈ 1
10000
, with this resolution, we can in principle separate most
of the neighboring isobars i.e. 78Cu and 78Ga has a mass difference of 1/3833.
At the end of the magnet, there is a narrow opening (∼ 1 mm) which stops
most of the undesired isobars.
• Tandem accelerator: The tandem accelerator is an electrostatic accelerator
type. HRIBF tandem can operate between 1-25 MV. Negative ions accelerated
from the bottom of the tandem to the top where the direction of radioactive
ion is reversed. Reversal of ion direction process in the high-voltage terminal
is provided by a 180 degree magnet which also serves to prevent ions of
unwanted charge state from being introduced into the high-energy acceleration
tube. Electron stripper of ultra-thin carbon foil used to change the charge of
radioactive ions from negative to positive to accelerate it from the tandem top
to the bottom so it can be injected into the experimental area.
3.2 LeRIBSS
Low-energy Radioactive Ion Beam Spectroscopy Station (LeRIBSS) is one of the
experimental stations in HRIBF. LeRIBSS is located at the bottom of the HRIBF
Tandem accelerator [18]. Positive and negative radioactive ions of ∼200 keV energy
from the isobar separator can be implanted on the moving tape collector.
3.2.1 Moving tape collector (MTC)
Short-lived radioactive ions are implanted on a tape, this tape is part of a moving tape
collector (MTC). The role of MTC is to provide a means to transport radioactivity
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from implantation point to a measurement point and is achieved through a cycle
operation. In the experiments at Leribss, it was typically used in a three-fold sequence.
.
1. Implantation (grow) cycle: is the time where the RIB allowed to be
implanted on the tape, this time can be part of a second to few seconds, where
it is preferable to be chosen such that it allow for the desired ion radioactivity
to be saturated.
2. Decay cycle: After the implantation cycle is finished, the RIB will be deflected
completely away of the tape leaving the implanted radioactive ions to be
naturally decays. The cycle time can be between part of a second and few
seconds depend on the desired ion half-life, where it prefer to be chosen larger
than 4 times the half-life of desired ion.
3. Moving cycle: To start a new cycle, the radioactive tape part is moved far
away behind a wall of lead to eliminate the γ-ray emitted from it on the detector
system. The movement time is about 400 ms. Figure 3.2 illustrates the full
sequence between MTC and the beam deflector cycles.
The experimental data of this work used 4 second implantation cycle with 2 second
decay cycle.
One full cycle
Deflector off Deflector on Deflector cycle
Implantation, tg Decay, td
tape moving, 400 ms
Tape cycle
Figure 3.2: MTC and electrostatic deflector cycles are shown, where tg is the
implantation time, td is the decay time.
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3.2.2 Detectors system
LeRIBSS has a set of different detectors type used in β-decay experiments as shown
in Fig. 3.3. A high energy-resolution of High Purity Germanium (HPGe) clovers
were used as a γ-ray detectors, while a plastic scintillators used as a β-counters.
The β-counters are important to reduce the background noise by using β-gated γ-ray
spectra.
CARDS
The Clover Array for Radioactive Decay Studies (CARDS) were used to study the
γ-ray spectroscopy. It contains four clovers, each clover consisting of four High-purity
Germanium (HPGe) crystals of high energy resolution packed together in a tight
geometry, which means that we have 16 channels used in γ-ray spectroscopy.
The γ-ray detection effeciency () of each crystal depends on γ-ray’s energy. A
wide range of γ-energies from known standard reference material sources were used
to calculate the detection efficiency of each HPGe crystal using Eq. (3.2),
 =
D
N
=
D
BRβ ×BRγ × t× A, (3.2)
Figure 3.3: The four HPGe clovers and the two plastic scintillators (covered in black
tape) surrounding the implantation place, which is inside the beam pipe.
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where D is the number of detected γ-rays, N is the total number of γ-disintegrations
which can be expressed as the branching ratio of the decay mode (BRβ) that produce
this γ-ray times the branching ratio (BRγ) of that γ-ray in that decay mode times
the total counting time (t) times the current activity of the source, which can be
calculated using the activity value (Ao) at calibration time, the time interval (ta)
since the calibration time and half-life (T1/2) of the source as
A = Aoe
− ln(2)×ta/T1/2 .
Table 3.1 shows some of the standard reference material in LeRIBSS used in efficiency
calculations.
Two of the four clovers in CARDS are closer to the radioactive site of implantation
by about one centimeter, which enhanced the efficiency especially at lower energies
in comparison to the other two clovers. Figure 3.4 shows the efficiency curve of
the CARDS, where it extended between 40 keV to about 2 MeV for tested values.
The efficiency curve was extended for energy values above 2 MeV by fitting the tested
efficiency points with relevant function (Eq. (3.3)), the fitted efficiency curve is shown
Table 3.1: Known standard material sources used in efficiency calculation and energy
calibration, where TB is the total branching ratio (BF ×BR).
Source Energy (keV) T1/2 days TB%
210Pb 46.3 8131.5 41.8
241Am 59.3 157742.0 36.0
57Co 122.0 271.8 85.6
139Ce 165.8 137.6 79.9
113Sn 391.4 115.1 64.9
137Cs 661.5 11012.1 85.1
88Y 898.1 106.6 94.0
60Co 1173.3 1923.6 99.9
60Co 1332.6 1923.6 99.9
88Y 1836.4 106.6 94.0
26
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0  500  1000  1500  2000  2500  3000  3500  4000
Ef
fic
ie
nc
y
Energy (keV)
Efficiency curve
fitting curve
Figure 3.4: The real values and fitted efficiency curves of CARDS in LeRIBSS, It
shows a maximum efficiency of 0.3 at 122 keV γ-ray energy.
in the Fig. 3.4.
eff(Eγ) =
36.8516
Eγ
− 8.38718× 10
11
E7γ
− 147531
E3γ
+
2.64951× 1010
E6γ
+ 0.003, (3.3)
where eff(Eγ) is the efficiency fitting curve as a function of γ-ray energy (Eγ).
Standard reference material sources also used to do energy calibration for each
signal HPGe crystal in CARDS because each of them has a different response to the
same energy. The calibration was done over the known energy range (0.04–2 MeV)
so the calibrated spectra will gives the correct energy scale with energy resolution of
1 keV/channel.
Plastic scintillators
Two Plastic scintillators of BC-404 (polyvinyltoluene) [20] surrounding the site of
implantation are used to detect the β-decay electrons. This scintillator is designed to
detect α and β particles and convert its energy to photons of wavelength between 380
to 500 nm with a peak at 408 nm. Most of β-electrons have enough energy (more than
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1 MeV) to pass though the 0.5 mm aluminum beam pipe into the plastic scintillators.
The two scintillators shown in Fig. 3.3 form cylindrical shape of 15 cm length and
5.12 cm in diameter, which wrapping the beam line around the site of implantation
and cover solid angle of almost 4pi. A Photo-Multiplier Tube (PMT) cemented to the
end of each scintillator, which convert the scintillated photons inside the scintillator
to electric current. Detection efficiency of β detector will be discussed later in this
work.
Digital data acquisition system
All detectors were instrumented with a digital data acquisition system using DGF
pixie-16-100 manufactured by XIA LLC [21]. This system takes the raw analog data
from LeRIBSS, filter it and convert it to a digital data so it can be analyzed online.
3.3 Experimental issues
The experimenters have to deal with some issues that facing their work to insure the
success of the experiment. The following points summarize some of these issues
1. Small production rates: The production rate of desired nuclei is proportional
to the production cross section for a given reaction. The most neutron-rich
nuclei are produced with a very small production cross section through fission
of the Uranium in ISOL. The typical rates recorded in the experiments described
in this work were ranging from 30 to 200 ions/second.
2. Impurity and contamination: Most of the time, desired radioactive ions
will be contaminated with other neighboring isotopes, this contamination with
the background radiation may overwhelm the spectrum of low-intensity in the
desired ion spectra. The contamination problem starts from the mass separator
where a certain combination of ions charge and mass pass through this separator
(see Eq. (3.1)).
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A computer code package from Pixie-16 [22] was used to analyze the digitized raw
data, conventional methods included in the code are used to clean the γ-ray spectra
as possible in order to obtain a reliable result, these methods will be discussed later
in this work.
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Chapter 4
82Zn β-decay chain analysis
Beta-decay chain of 82Zn has been analyzed in this work. Several methods where
used to extract new results related to the decay chain of 82Zn. The β-gated γ-spectra
shown in Fig. 4.1 indicate that the spectra are contaminated with the 82Ga isotope,
where the decay chain starts from 82Zn and 82Ga and ends with 81,82As as shown in
Fig. 4.2.
 1000
 2000
 3000
 4000
 5000
 6000
 7000
 8000
 100  300  500  700  900  1100  1300  1500  1700  1900  2100Co
un
ts 
/ k
eV
✽ ✽ ✽
✽ ✽
34
14
1
16
3 35
1
36
6
45
1
53
0
▼ ▼
▼ ▼
♣
♣
♣♣ ♠
♠
♠
♠ ♠
♠
▼
▼ ▼ ▼17
27
19
51
◆
◆
82Zn β-gated γ spectrum.
 100
 200
 300
 400
 2500  2700  2900  3100  3300  3500  3700  3900  4100  4300  4500  4700  4900  5100  5300
Energy (keV)
26
13 2
94
3▼
✽ ✽✽ ✽
✽ ✽ ✽
✽ ✽ ✽ ✽✽ ✽
✽ ✽ ✽
28
72
30
76
33
60
35
60
35
71
38
48
42
70
46
64
53
27
Figure 4.1: 82Zn β-decay experiment γ-ray spectra, the red numbers indicate 82Zn β
and βn-decay, while the blue numbers indicate some new γ-ray lines in 82Ga β decay.
The t represents some known γ-ray lines in 82Ge, ¨ and « represents γ-ray lines
in 81Ge and 81,82As respectively, the © represents positron annihilation and neutron
activation lines and ] symbol represents unknown γ-ray lines.
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Figure 4.2: The β-decay chain found from the previous spectra, where the implanted
radioactive ions are 82Ga and 82Zn, this chain ended with 81,82As.
4.1 Data analyzing methods
The analysis starts with raw data from LeRIBSS, γ-ray spectra need to be calibrated
with known transitions in order to obtain a real energy scale with energy resolution
of 1 keV. The calibrated spectra also contain γ-rays from the natural background and
decay radiation from contaminants. Identification methods are needed also to assign
decaying ions to the γ-rays produced in this decay, such as γ-γ coincidences method
and half-life calculations. Computer codes are used to analyze the data. The raw data
was scanned by pixie scan analysis software [22], this software was used too analyze
the data from Pixie-16 data acquisition system produced by XIA, LLC [21]. Two
graphic display software packages were used, the first one is Display And Manipulation
Module (DAMM) [23], which came with the data acquisition system from ORNL.
Numerical PYSPECTR Python software [24] is a software that was also used in this
work specially with half-life calculations.
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4.1.1 Time walk correction
The numerical trigger algorithm of the acquisition system produce a value of the time
difference between the signal arrival time and the time it crosses the energy threshold.
The variation of this time difference with the signal amplitude is called the time walk
as shown in Fig. 4.3. This time depends on the detector rise time and the signal
amplitude (energy), as the energy increase the walk time decrease.
Time walk can eleminate low-energy γ-ray lines and its γ-γ coincidences because
it delays the γ-ray detection and may push the signal outside of the coincidence time
window. The prompt coincidence time window is set to be 200 ns after β-detection,
all γ-rays detected within this window are considered to be prompt γ-rays. The time
walk can be corrected by establishing a two-dimensional spectrum of energy versus
time difference between γ and β detection, where the time walk clearly appears within
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Figure 4.3: Two positive logic signals of different energy cross the energy threshold
at different points. The time interval between the signal’s arrival time and the energy
threshold(Eth) crossing time is called the time walk. the time walk become smaller
as the energy become larger.
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Figure 4.4: Two-dimensional plot shows the energy vs the time difference (tγ− tβ +
1000 ns) spectrum, where the lift-hand side picture shows the uncorrected time walk
spectrum while the right-hand side shows the corrected one.
the low-energy range. An energy dependent time function can be inserted into the
analysis computer code to correct the time walk and fix the energy vs time difference
spectrum and the signal’s real detection time. Figure 4.4 shows a comparison between
the uncorrected and corrected energy vs time difference spectrum.
4.1.2 β-gated spectra
Large reduction of the background and unwanted radiation can be obtained by
applying coincidence condition (gate) between γ and β signals. This method will
decrease the γ-rays intensity according to the β detection efficiency, but will make γ-
spectra more clean specially in the low-energy range. The efficiency of the β-detectors
must be calculated if the β-gated spectra will used in energy level scheme building. A
certain γ-energy levels that fed by direct β-decay only then de-excited directly to the
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ground-state by emitting a γ-ray of energy Eγ, these levels were picked to calculate
the β-detectors efficiency, where β-electron energy (Qβ) can be calculated as
Qβ = Q
max.
β − Eγ.
The number of counts ratio was taken between β-gated to the non-β-gated for previous
γ-ray energy so we can estimate the reduction factor in the efficiency of the β-gated
spectra due to β-detectors. It was found this factor is fluctuating around constant
value of 0.39±0.09 as shown in Fig. 4.5. This result contradicts the assumption
published in Ref. [25], which used the complicated effective β-electron energy (QβEff ).
The β-detector efficiency was considered as flat over the β-electrons energy range
in the β-decay experiment, where it can be ignored in the calculations that depend
on the detectors efficiency with negligible effect on the accuracy of the results.
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Figure 4.5: Estimated β-efficiency vs β-energy (Qβ) shows fluctuation around
constant value of 0.39±0.09.
34
4.1.3 β-γ-γ coincidence spectra
β-γ-γ coincidence spectra are two-dimensional spectra that take β-gated γ-ray
coincidences between clovers within a time window of 300 ns. In this analysis,
coincidences within the same clover are neglected. This method is very important
and useful to identify and built the energy level scheme because it can determine
the γ-ray cascade. The coincidences can be obtained by taking a very narrow gate
on the desired γ-ray line, another gate on background close to the γ-ray line can be
taken and subtracted from the first gate to reduce the background in the coincidences
spectrum.
4.1.4 Half-life calculation
The grow-in/decay pattern was used to calculate the half-lives. The background
was subtracted carefully by splitting the gate into two gates of equal number of
channels and placed closely to right and left of the γ-ray line. The total number of
background channels must equal to the gate set around the γ-ray line. The resultant
data was fitted to Eq. (4.1) using a nonlinear least-squares algorithm whereby the
NUMERICAL PYSPECTR Python software [24].
f(t) =
 A
(
1− e−t/τ) 0 < t < t1
A
(
et1/τ−1
)
e−t/τ t1 < t < t2
. (4.1)
Where the first part of this equation represent the grow-in part started from zero to
t1, A is the detected flux in the gated γ-ray line, which is a constant during the cycle
time and treated as a fitting parameter. The second part is a natural decay part
extended over the beam-off cycle from t1 to t2. The half-life T1/2 can be calculated
using the mean life-time τ using T1/2 = ln(2)τ relation.
The half-life fitting analysis was tested using clean lines from 82,83Ga γ-ray spectra,
which has a well known half-life. In each test we used both grow-in/decay and decay-
only patterns, no significant difference was found between the two patterns, and the
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Figure 4.6: Half-life fitting of 82Ga β-decay using grow-in/decay fitting method
(right-hand side) and decay-only (left-hand side). Few points in the end of
implantation cycle is out of fitting curve, which can be explained by the existence of
two production sources with different rate for 82Ga.
final results were equal to the published values within the error bars. Figure 4.6 shows
one of these tests, where the published half-life time is 0.599(2) second, decay-only
half-life time result from this fitting is exactly equal to the published one, but the
grow-in/decay half-life time (0.654(13) second) is about 0.05 second larger than the
published one, the reason for that the grow part of this curve is fed by two sources,
first by direct implantation from the radioactive beam. The second source are the
ions produced by 82Zn β-decay, adding activity in the decay chain. Both can be fitted
with Bateman’s second order equation [26]. Since we have two different sources for
82Ga with different implantation/production ratio, the grow-in/decay part will be
deviated the half-life slightly away from the correct value depending on the isotopic
ratio.
4.2 82Zn β-decay spectroscopy
The half-life calculation was the first criterion used to search for new γ-ray lines
related to 82Zn β-decay, where the 351 keV γ-ray line in 81Ga and fed by 82Zn βn-
decay is known to be the most intense line related to this decay and was used as a
half-life reference for 82Zn β-decay. Grow-in/decay and decay-only fitting computer
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Figure 4.7: Half-life fitting of 82Zn through β-n decay using grow-in/decay fitting
method (a) and decay-only (b). Both fitting methods gives a decay time within the
small error range of each other.
codes were used to measure the half-life of 351 keV as shown in Fig. 4.7. The measured
values were distributed between 147 and 159 ms with average value of 155±17 ms.
This value is different than the previously published 82Zn half-life values 228±10 and
178±3 ms [5, 6], where we used both grow-in/decay and decay-only methods and the
subtracted background splitted into two equal intervals, one to the left and one to
the right of the γ-ray line in order to eliminate exact background from the γ-ray line.
Another indication that 82Zn is indeed one of the radioactive ions that implanted
on the tape is the appearance of the 141 keV (98±1 ns half-life time) isomer γ-ray
line in 82Ga [27] in the delayed γ-ray spectra as shown in Fig. 4.8. Unfortunately, this
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line has low statistics that we were unable to perform a half-life calculation based on
141 keV decay.
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Figure 4.8: A part of delayed γ-spectrum shows some of the delayed (long lived)
γ-ray, the 141 keV γ-line has low statistic as shown in this figure.
β-gated γ-γ coincidences spectra were used as a second strategy in searching for
new γ-ray lines and their cascades. Table 4.1 shows the γ-ray energy values produced
by 82Zn β-decay and its coincidences with the relative intensity of each line.
The γ-γ-spectra gated on 34, 163, 366, 2612 and 2944 keV γ-rays that produced
by 82Zn β-decay are shown in Fig. 4.9, where a narrow background treated gate was
Table 4.1: γ-ray energy lines and its β-gated γ-γ coincidences produced by 82Zn
β-decay. γ-ray intensity (Iγ) also provided here relative to 351 keV.
Energy (keV) Decay type Iγ % β-gated γ-γ coincidences (keV)
34.5(1) β 24.2(25) 2943.8
140.7(2)† β 1.7(6) –
163.3(2) β 2.5(10) 366.3, 188∗
366.3(2) β 22.7(30) 163.3
530.0(5)‡ β 10.0(8) –
2612.9(1.1) β 11.5(45) 366.3
2943.8(4) β 23.7(39) 34.5
2978.7(6) β 2.4(19) –
350.8(1) βn 100.0(47) 451.5
451.5(3) βn 13.0(49) 351.5
† Isomeric line.
∗ Observed in coincidence spectra only.
‡ Doublet line.
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Figure 4.9: Gated on 34, 163, 366, 2612 and 2944 keV γ-ray lines within the β-decay
of 82Zn.
set around each γ-ray line, the gate around the γ-ray and the projection were taken
with equal numbers of channels, then subtracted from that projection on the main
line. Half-life fitting graphs are provided also for both 34, and 366 keV as shown
in Fig. 4.10. Although the number of counts are not sufficient to accomplish precise
half-life time fits, but even fits to low statistic stat show that their half-lives agree
within the error bar to that obtained for the 351 keV (155±17 ms) half-life that was
previously calculated in this work (Fig. 4.7).
The γ-ray line of 530 keV is found to be a doublet line, where a part of this
line belong to de-excitation of 81Ge energy levels, and the other part found to be a
γ-ray line by de-excitation of 82Ga energy levels. Individual intensities of 530 keV
line in both nuclei estimated using comparison between the intensities of γ-ray lines
produced by β-decay of 81Ga and βn-decay of 82Ga [2, 28], where the 828 keV γ-ray
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Figure 4.10: Half-life fitting of 34 (a) and 366 keV (b) γ-ray lines within the β-decay
of 82Zn using grow-in/decay fitting, where we had insufficient statistic in both lines
for half-life evaluation.
line can be produced by β-decay of 81Ga only. The half-life calculation using grow-
in/decay model on 828 keV shows 1.16±0.07 second as shown in Fig. 4.11, which is
consistent with β-decay half-life of 81Ga, and is different from the half-life calculated
using other γ-ray lines, which belong to de-excitation of 81Ge.
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Figure 4.11: Half-life grow-in/decay fitting for 828 keV γ-ray lines within the β-
decay of 82Ga.
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The calculated number of counts of 828 keV had been used as calibration
parameter to estimate the intensity of 530 keV in β-decay of 82Zn. Table 4.2 shows
the γ-ray lines used in the comparison method, where the number of counts shared
part produced by 81Ga β-decay (column number five) can be estimated using the
following relation
N(β)
81Ga
share =
NExp(828 keV)× I81Gaβ
I
81Ga
β (828 keV)
,
where NExp(828 keV) is the 828 keV γ-ray number of counts found from the
experimental data, I
81Ga
β is the absolute γ-ray branching ratio in
81Ga β-decay and
I
82Ga
βn (828 keV) is the 828 keV relative branching ratio in
82Ga βn-decay. The
remaining number of counts represents the part produced by 82Ga βn-decay (column
number six),
N(βn)
82Ga
share = N(Exp)−N(β)
81Ga
share.
Row number 6 shows the ratios between 711 and 216 intensities, where we see the
have the same (within the error bar) ratios between published and calculated ones, i.e.
the (711/216) βn decay calculated ratio is 2.43±0.06 which is equal to the published
Table 4.2: A comparison between some γ-ray lines intensities in 81Ge to fined the
doublet intensities of 530 keV.
Energy (keV) I
82Ga
βn
∗ I
81Ga
β
† N(Exp.)‡ N(β)
81Ga
share N(βn)
82Ga
share
828 0 22.1 74359 74359 0
216 6.5 37.4 281502 125838.31 155663.69
530 2.3 4.49 122088 15107.33 106980.67
711 16 17.6 437559 59218.03 378340.97
711/216 ratio 2.46 0.47 1.55 0.47 2.43
530/216 ratio 0.35 0.12 0.43 0.12 0.69
55% 45% Total 82Zn 530 ratio N(530) in 82Zn
% ratio(530/216) 0.19 0.05 0.24 0.19 23196.72
∗ Intensity relative to 1348 energy line (100(4)).
† Absolute intensity.
‡ N(Exp.) Number of counts found from the experimental data.
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one (2.46). Figure 4.12 represents a tool to calculate the percentage of 82Ga βn-decay
to 81Ga β-decay, where the experimental ratio (1.55) between number of counts of
711 and 216 keV γ-rays was scaled between the ration of same γ lines that produces
by βn-decay (2.46) and β-decay (0.47). This method reveals that about 55% of the
feeding to excited states in 81Ge is coming from 82Ga βn-decay and 45% is from 81Ga
β-decay.
100%
0.47
0%
0%
2.43-2.46
100%
⇐ 81Ga β-decay
1.55
82Ga βn decay ⇒
X
Figure 4.12: Scaling method shows the fessding percintage to 81Ge excited states
using Table 4.2.
The first two numbers in row number 10 shows the 530/216 intensity ratios of
82,81Ga βn and β-decay times the percentage of each decay previously found (55%
and 45%), where the total ratio is 0.23. The extra ratio (0.43-0.24 = 0.19) of
530/216 is expected to feed 82Ga from 82Zn β-decay with number of countes equal
to 0.19×IExp(216)=23197. In the result, the relative intensity of 530 keV γ-ray line
produced in β-decay channel of 82Zn with respect to I(351 keV)(=245090) is about
10%.
4.3 82Ga β-decay spectroscopy
The 82Ga present in the beam enabled to perform γ-spectroscopy on this nucleus
with interesting new results. Radioactive 82Ga exist on the implantation tape by
direct implantation and by β-decay of 82Zn. The ratio between 82Ga amount directly
implanted and the amount produced by β-decay of 82Zn is important to determine the
neutron emission branching ratio of 82Zn β-decay. The γ-ray lines of 82Ga β-decay is
given in Table 4.3, where the γ-rays energy, relative intensities and its γ-γ-coincidence
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Table 4.3: γ-ray energy lines and its β-gated γ-γ coincidences produced by 82Ga
β-decay. γ-ray intensity (Iγ) also provided here relative to 1348 keV. Some of these
lines are observed for the first time.
Energy (keV) Decay type Iγ % β-gated γ-γ coincidences (keV)
415.4(1) β 2.6(4) 867, 1348, 2215
867.0(1) β 10.3(14) 1348
938.3(1) β 7.2(10) 1348
985.3(1) β 4.7(6) 1348
1348.3(1) β 100.0(7.1) 415, 867, ....
1354.2(2) β 6.5(12) 1348, 3360
1365.4(2) β 3.5(6) 1348
1727.4(2)† β 1.5(4) 1348
1910.1(1) β 10.9(12) 1348
1951.5(2)† β 1.8(3) –
2215.9(2) β 18.5(36) 415, 876, 1348, 3360
2714.3(3) β 3.2(5) –
2826.6(3)† β 0.8(2) –
2872.6(2)† β 3.3(5) 1348
3076.3(6)† β 1.3(3) –
3360.6(3)† β 1.8(4) 415, 867, 1348, 1354, 2215
3560.1(5)† β 1.8(4) 1910, 1348
3571.4(5)† β 1.8(3) –
3848.4(3)† β 2.3(4) –
4269.9(2)† β 1.4(3) 1348
4664.1(4)† β 0.9(2) 1348
5326.7(2)† β 0.10(4) 1348
† First time observed γ-ray line.
spectra gated on each line is listed in this table. All of γ-ray lines produced by βn-
decay of 82Ga (216, 711 and 530 keV) are previously observed [2].
Figure 4.13 shows the γ-γ coincidence spectra gated on the γ-ray lines observed
here for the first time (Table 4.3) produced by 82Ga β-decay. Three type of γ-γ
coincidences spectra have been used here according to the number of counts in the
γ-ray line, these type are non-β-gated, β-gated and addback β- gated spectra. Non-
β-gated spectrum was used with the γ-ray lines that have low statistic. Addback γ-γ
coincidence spectra algorithm take the first detected γ-ray in one of the clovers each
event then add all the γ-rays detected in the remaining four-leaf of that clovers in
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Figure 4.13: Gated on first time observed γ-ray lines within the β-decay of 82Ga.
a certain time windows (300 ns in this analysis), all detected energy must be larger
than energy threshold. Addback spectra are helpful in case of high-energy (1 MeV
and larger) γ-rays that have low statistics in both β-gated and non-β-gated spectra,
it has been used once in this analysis with 2872 keV γ-ray line as shown in Fig. 4.13.
Half-life fitting graphs are provided also for the γ-ray lines that has no γ-γ
coincidences using grow-in/decay fitting, most of these β-gated γ-ray lines has low
statistic with low background contamination in energy region 3 MeV and larger,
choosing subtracted background intervals length to be equal to the gate interval length
on the γ-ray line in this region makes the half-life fitting data to be over-subtracted.
Because of the low background contamination for the energies larger than 3 MeV,
the subtracted background intervals has been taken to be less than the gate interval
length on the γ-ray line or even without background subtraction in some cases. The
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Figure 4.14: Half-life of 1951, 2826, 3076, 3571 and 3848 keV γ-ray lines within
the β-decay of 82Ga using grow-in/decay fitting, where the fitting half-life results are
equal to the reported 82Ga β-decay half-life (599±2 ms) within the error bar of these
results.
fitting results shown in Fig. 4.14 are in agreement with the reported 82Ga β-decay
half-life (599±2 ms) within the error bar of these results.
4.4 81,82Ge β-decay spectroscopy
The decay chain in this spectra is extended to include 81,82Ge β-decay. Unfortunately,
the half-life identification strategy is not applicable in this case because the β-decay
half-life of 81,82Ge is 7.6 and 4.5 second respectively, which are large compare to
our grow-in/decay (4/2 second) cycle. The γ-γ coincidence spectra alone cannot
be used to distinguish between decay type if it is β or βn-decay that fed either
81,82As energy levels, the matter is made more complicated by the presence of lines
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Table 4.4: γ-ray energy lines and its β-gated γ-γ coincidences produced by 81,82G2
β-decay, some of these lines are observed for the first time.
Energy (keV) β-gated γ-γ coincidences (keV) Belong to
92 197, 329, 420, 427, 447, 467. both 81,82As
197 92, 467,750, 793, 843. 81As
248 843, 70‡, 85‡. 82As
1092 – 81As
‡ First time observed γ-ray line.
that can be in both 81,82As such as 92 keV, and some doublet energy γ-ray lines
such as 248 keV [29, 28]. Table 4.4 shows some of the γ-ray energy values with its
coincidences and the ion’s name where the γ de-excitation take place, some of these
γ-ray information can be considered as a conformation to what was found in Ref. [29].
The 84 and 70 keV γ-rays and γ-γ coincidence with 248 keV are observed.
4.5 Beta delayed neutron branching ratio calcula-
tion of 82Zn β-decay
Beta delayed neutron branching ratio is a fraction of the total decay, which proceeding
via emission of a neutron from decay daughter. For the 82Zn, only two decay channels
had been observed in this work, β and βn-decay. It has been noticed that βn-decay
of 82Zn is the only source of 81Ga in this experiment, we can evaluate the branching
ratio (Iβn) using 828 keV line, which was observed in
81Ga β-decay, by equating the
total number of counts in β-decay channel of 81Ga to the total number of counts
in βn-decay channel of 82Zn. The absolute intensity of 828 keV line is 22.1% and
the β-decay branch in 81Ga-decay is 88.1% (11.9%βn) [2]. The total γ-ray counts in
β-decay channel of 81Ga is
NT (
81Ga β) =
N(828 keV)
βBR × I(828)abs =
74359
0.881× .221 = 381914. (4.2)
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Since 82Zn has a short β-decay half-life, it will decay out completely. But β-decay
half-life of 81Ga is 1.2 second and the cycle decay time is 2 second, where a fraction
of this ion will not have time to decay before the end of the decay part cycle. Since
the only source for 81Ga is the βn-decay of 82Zn, the number of created 81Ga (N1)
ions is equal βn-decay rate (I0) of
82Zn times the time interval
N1(t) = I0(t)×∆t.
The βn-decay rate of 82Zn can be expressed in term of grow-in and decay cycle as
I0(t) =
 A0
(
1− e−t/τ0) t0 < t < t1
A0
(
et1/τ0 − 1) e−t/τ0 t1 < t < t2 . (4.3)
Where t0 = 0 is the MTC cycle starting time, t1 is the end of beam-on (grow-in)
cycle, t1 = 4 seconds is our case, and t2 is the end of the MTC complete cycle, which
is 6 seconds in our case. τ0 = T1/2(
82Zn)/ ln(2) = 0.224 second, A0 is the
82Zn decay
flux. The total number of created 81Ga is
N1 = A0
(∫ t1
t0
(
1− e−t/τ0)+ ∫ t2
t1
(
e4/τ0 − 1) e−t/τ0)
= 4.00× A0,
(4.4)
where t0 = 0, t1 = 4 and t2 = 6 seconds. The Number of
81Ga counts that will not
have opportunity to decay within the 6 seconds duration of the measurement cycle
(N1R) can be calculated using the basic decay equation
N1R = N1 ×
(
1
2
) t
T1/2 ,
or
N1R =
∫ t2
t0
(
1
2
)t2 − t
T1/2 × I0(t)∆t,
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where T1/2=1.2 second is the β-decay half-life of
81Ga. By using βn-decay rate of
82Zn Eq. (4.3) in the last integral we get
N1R = 0.56× A0. (4.5)
The total number of 81Ga counts that not decayed to the total created number is about
14% were found by comparing Eqs. (4.4) and (4.5). Therefore, the total 828 keV γ-
ray measured intensity must be corrected by 14% to give the counts produced by
βn-decay channel of 82Zn, which becomes
NT (
82Zn βn) = 1.14×NT (81Ga β) = 435382. (4.6)
This total number of counts (NT (
82Zn βn)) represents the total feeding of 81Ga
including ground-state feeding. The only line observed feeding ground state in this
analysis is 351 keV. By subtracting the counts of this line from the previous value we
get the direct feeding counts to ground-state.
Ngs = NT (
82Zn βn)−N(351) = 435382− 245090 = 190292. (4.7)
there about 44% of 82Zn βn-decay were directly fed the ground and states above
neutron-separation energy in 81Ga and 56% fed the excited state in the same nucleus.
Using this ratio, we can calculate the feeding to energy levels in 81Ga by βn-decay of
81Zn.
The total intensities produced by β-decay channel only of 82Zn can be calculated
by knowing the total direct feeding to ground-state of 82Ga. Since 82Zn is an even-even
nucleus, its ground-state spin (Jpi) is 0+. The ground-state of 82Ga had been studied
using laser spectroscopy and found to be 2− [30], the β transition from 82Zn of ground-
state spin 0+ to 82Ga ground-state is first forbidden unique type with expected log(ft)
values of 9.5±0.8, resulting in Iβ ≤1% [17]. Also, we have the same case between
82Ga to the even-even 82Ge of ground-state 0+. By assuming that the total feeding
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to 82Ga ground-state is 1% or less and the β-decay channel total intensities of 82Zn is
the total net intensities of γ-ray lines feeding observed 82Ga levels (IβT (
82Zn)) shown
in Table 4.5, which found to be equal to
Iβ(
82Zn) = .735× I(351 keV) = .735× 245090 = 180165.
A comparison between the total intensities of 82Zn and 82Ga decays was used to
calculate the percentage of 82Zn ions presented in the radioactive ion beam (RIB) of
this experiment
82Zn% in RIB =
IT (
82Zn)
IβT (
82Ga)
βBR(82Ga)
− IβT (82Zn)
,
where IT represent the sum of β-decay (I
β
T ) and βn-decay (I
βn
T ), βBR is the β-decay
intensity. This percentage was found to be smaller than 10% of 82Zn and the rest
(90%) is 82Ga.
Table 4.5: γ-ray energy-levels of 81,82Ga produced by β-decay of 82Zn provided by
γ-ray feeding for each level.
β-levels(keV) Ein(γ) Ein(γ) I
i
β%
† Isβ%
‡
2978.7 – 2613, 2944, 2978 37.6(62) 14.8(37)
530.0 – 530, 163 12.5(13) 4.9(10)
366.3 163, 2613 366 20.2(32) 8.0(17)
140.7 – 141 1.7(6) 0.68(13)
34.5 2944 34 0.54(460) 0.21(5)
0.0 (gs) 1.0(1) 0.39(7)
Total 73.5(85) 29.0(66)
βn-levels(keV)
802.3 – 451 13.0(49) 3.5(4)
350.8 451 351 87.0(68) 23.6(30)
0.0 (gs) 162(5) 43.9(47)
Total 262.0(98) 73.0(80)
† Non-scaled initial levels feeding as found in the data.
‡ Scaled levels feeding according to 29% β and 71% βn-strength.
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The βn-branching ratio in 82Zn β-decay can be calculated as
Pn =
1
1 +R
, (4.8)
Where
R =
Iβ(
82Zn)
Iβn(82Zn)
= 0.41(12), (4.9)
So
Pn = 71(7)%. (4.10)
This result is less than the theoretically calculated βn-branching ratio of 82Zn isotope
published in Ref. [31].
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Chapter 5
83Zn β-decay chain analysis
Beta-decay of 83Zn isotope has been evaluated in this work using the same
methodology as in 82Zn analysis. The β-gated γ-spectra shown in Fig. 5.1 indicate a
characteristic decays of the 83Ga isotope and its observed chain decay up to 82,83As
as shown in Fig. 5.2, but a close inspection reveals new transitions originating from
83Zn
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Figure 5.1: A=83 β- gated decay spectra. The red numbers indicate 83Zn β and βn
decay, while the blue numbers indicate some new γ-ray lines in 83Ga β decay. The t
represents some known energy lines in 83Ge, the ¨and « represents γ-ray lines in 82Ge
and 82As respectively, the © represents positron annihilation and neutron activation
lines and the ] symbol represents unassigned γ-ray lines.
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Figure 5.2: The β-decay chain found from the previous spectra, where the implanted
radioactive ions are 83Ga and 83Zn, this chain ended with 82,83As.
5.1 83Zn β-decay spectroscopy
The β-gated γ-ray spectrum of the 83Zn β-decay (second) experiment shown in Fig. 5.1
is clearly seen that its highly contaminated with 83Ga β-decay, which will reduce the
opportunity to see γ-ray that can be produced by 83Zn decay. The γ-γ coincidence
spectra and/or the half-life calculation was also used to identify the β-decay transition
for each single line in this spectrum. Very little is known about 83Zn except for the
half-life that was measured using the 109 keV γ-ray line [5], in subsequent analysis
we found from γ-γ coincidences that it is a doublet γ-ray line as shown in Fig. 5.3.
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Figure 5.3: A gate around 109 keV in the β-gated γ-γ coincidences spectra of
83Zn-decay shows that 109 keV is a doublet line that coincident with 109 keV.
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Unfortunately, we cannot determine the exact energy values or intensities for
109 keV doublet components line because the detector resolution in this analysis is
1 keV. There are reasons to assign this doublet line to 83Ga excited states because it
was not reported before as a transition in 82Ga. We did not see any significant feeding
to 82Ga known states except for the 141 keV isomeric γ-ray line. The γ-decay half-life
of this isomer was calculated using γ-ray line using γ-energy vs γ-β time difference
spectrum and it was found to be 89±9 ns as shown in Fig. 5.4, this half-life located
within the error bar of a previously reported half-life [27] of value 98±9 ns.
The β-decay half-life of 83Zn had been measured, where a gate on 109 keV γ-ray
line in energy vs cycle time spectrum was taken to fit the grow-in/decay parts of this
line. The subtracted background intervals were carefully chosen to the left and the
right of the gate with total channels equal to the main gate channels, Fig. 5.5 show
the grow-in/decay half-life fitting. The resulting β-decay half-life of 83Zn was found
to be 122±28 ms, which is within the previously reported value (117±20) [5].
We were able to built only a skeleton decay-scheme for β-decay of 83Zn because
of the lack in the data related to this decay.
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Figure 5.4: Fit to the γ-decay half-life of 141 keV isomeric γ-ray state using γ-energy
vs γ-β time difference spectrum.
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Figure 5.5: β-decay grow-in/decay half-life fitting of 83Zn gated on 109 keV.
5.2 83Ga β-decay spectroscopy
The β-decay of 83Ga was previously observed by Winger et al. [3], the half-life was
determined to be 308±1 ms [32]. New γ-ray lines were observed in this work using
both γ-γ coincidences spectra and β-decay half-life calculation methods.
The observed γ-rays produced by β-decay of 83Ga with β-gated γ-γ coincidences
and relative intensities are shown in Table 5.1, the new observed γ-ray line are
marked. Some γ-ray lines observed in coincidence spectra only, such as 1545, 1779
and 1797 keV.
The 248 keV γ-ray line is a doublet line, where same line can be found in 82As γ
de-excitation at the end of β-decay chain. The intensity of 248 keV comes from 83Ge
was calculated by subtracting the 248 keV intensity contribution of 82As from the
total intensity of this line. The reported relative intensity ratio of this line in 82As
is 4.0% [2], which was taken relative 1091 keV the most intense line in 82As. The
remaining intensity of 248 keV is produced by 83Ga β-decay.
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Table 5.1: γ-ray energy lines and its β-gated γ-γ coincidences produced by 83Ga
β-decay. γ-ray intensity (Iγ) also provided here relative to 1238 keV γ-ray.
Energy (keV) Decay type Iγ % β-gated γ-γ coincidences (keV)
248.2(1)† β 29(3) 798, 1204, 1545∗,1779∗, 1797∗
703.1(1)‡ β 32(3) 1238
797.9(3)‡ β 4(1) 248
1045.6(1) β 44(5) –
1204.1(2)‡ β 14(2) 248
1238.1(1) β 100(8) 703
1245.7(1)‡ β 17(2) –
1452.0(4)‡ β 14(3) –
2910.1(4)‡ β 9(1) –
† Doublet line.
∗ Observed in coincidence spectra only.
‡ First time observed.
Figure 5.6 shows the β-gated γ-γ coincidences spectra gated on 248, 1238 keV,
which prove what we listed in Table 5.1. The βn-decay channel of 83Ga to 82Ge is
associated with more than ten γ-ray lines, these lines, their relative intensities and its
β-gated γ-γ coincidence spectra are in good agreement with the energy-level scheme
reported by Winger, 2010 [3].
The β-decay half-life grow-in/decay fitting for the γ-ray lines that not have γ-γ
coincidences is shown in Fig. 5.7, where the measured half-life is equal to the reported
β-decay half-life of 83Ga [32].
We were unable to calculate the neutron emission probability of 83Ga βn-decay
from present data because we were unable to determine the direct feeding to 83Ge
and 82Ge ground-states. The reason is the lack of data on absolute intensities for
the decays following 83Ge, while 82Ge β-decay absolute intensities were recently
reported [29], the β-decay half-life of 82Ge was twice as long as the MTC cycle
decay-time, so only a small part of this isotope will decay before a new cycle begin.
The direct ground-state feeding between 83Ga and 83Ge was estimated to be ≤34%
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Figure 5.6: β-gated γ-γ coincidence spectra gated on 248 and 1238 keV γ-ray in
83Ge produced by β-decay 83Ga.
comparing to the same transition type reported between ground-states in 93Rb β-
decay with total angular momentum similar to ground-states angular momentum of
83Ga and 83Ge [17].
5.3 Isomeric 197 keV γ-ray line from 18F
Isomeric γ-ray line of energy 197 keV observed in β-gated spectrum was very confusing
because it has the same β-decay half-life of 83Ga. More investigation about this line
led to the conclusion that this line is due to a neutron activation occurred on the
fluorine (19F(n,n’γ)) nucleus in polytetrafluoroethylene (Teflon) tape that wrapping
the detectors in our experiment. This explain the fact that the measured γ-decay
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Figure 5.7: β-decay grow-in/decay half-life fitting for 1245, 1452 and 2910 keV γ-
ray lines in β-decay of 83Ga. Due to the low intensities, the β-gated addback spectra
was used to extract the grow-in/decay data for the last two lines.
half-life is within the error bar of 19F(n,n’γ) γ-decay [33]. The neutron source of this
activation is the βn-decay of 83Ga, hence the same β-decay half-life.
5.4 83,82Ge β-decay spectroscopy
Many γ-ray lines had been observed that related to β-decay of 83,82Ge and previously
reported [32, 29]. Also, the β-gated γ-spectra shown in Fig. 5.1 include some unknown
γ-ray lines such as 69, 73, 356, 631, 645, 734, 749, 834 and 874 keV. These unknown
γ-ray lines are long-lived lines with respect to the 2 second MTC cycle decay-time,
and we were unable to estimate the β-decay half-life of these lines. We suspect that
356 and its β-gated γ-γ coincidences (510 and 631,3) is a γ-ray line in 83Br, the
β-decay half-life of 83Se that can produce excited 83Br isotope is 69 second (for the
83Br isomer), which is very large relative to MTC cycle time. In addition to that, the
57
observed decay chain ends with 82,83As, ans there are no further decays that reach
83Br. Because of these reasons, we assigned these γ-ray lines as unknown lines.
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Chapter 6
Shell model calculation of the
Gamow-Teller strength
Beta-decays of N > 50 isotopes are a result of competition between forbidden
transitions with large Qβ values but very small decay strength and allowed Gamow-
Teller decays to highly excited states in the daughter nucleus. For sufficiently exotic
nuclei, the Gamow-Teller decay becomes dominant resulting in observed large β-
delayed neutron branching ratios [34, 31] in this region [35, 36]. The NuShellX
computer code [4] was used here to calculate the Gamow-Teller transitions (B(GT))
associated with high-energy levels of 82,83Zn and 82,83Ga in order to support the
experiments results. A new approach had to be developed in order to enable these
calculations.
6.1 NuShellX Calculations
The shell model calculation minimizes the energy of the system consisting of
interacting nucleons confined in a spherical potential of the doubly magic spherical
core. Here we use it to calculate energy levels as well as transition probability for the
Gamow-Teller decay channel. The low-energy excited states in 82,83Ga and 82,83Ge can
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Figure 6.1: Possible Gamow-Teller (GT) and first forbidden (FF) beta transition
for the isotopes near 78Ni with N > 50 and Z > 28.
be populated by first forbidden β-transition, this schematically can be represented as
occurring between single particle orbitals occupied by nucleons outside 78Ni core as
shown in Fig. 6.1. The energy-levels for both protons and neutrons are listed in a
configuration space file as shown in the following shaded file, where the meaning of
each variable is listed in the same file.
! jj45pn.sp ! configuration space file name
pn ! both protons and neutrons energy levels.
78 28 ! 78Ni core nucleus.
9 ! total number of the energy levels.
2 4 5 ! both (2) levels , 4 p-level and 5 n-levels.
1 1 3 5 ! 1=p1f5 /2. Protons energy levels above p=28
2 2 1 3 ! 2=p2p3/2,
3 2 1 1 ! 3=p2p1 /2.
4 1 4 9 ! 4=p1g9 /2.
5 1 4 7 ! 5=n2g7 /2. Neutron energy levels above n=50.
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6 2 2 5 ! 6=n2d5 /2.
7 2 2 3 ! 7=n2d3 /2.
8 3 0 1 ! 8=n3s1 /2.
9 1 5 11 ! 9=n1h11 /2.
The configuration space file will use another file that contain information about the
used core nucleus and the interacted levels with all possible combination of nucleons
distribution over these levels and the energy of each distribution, this file called
interaction file. The NuShellX can be run using NuShellX code commands, these
commands can be listed in a file called answer file, which will create a .bat file. The
following shaded file shows the answer file to calculate the energy levels of 1/2− to
7/2− spin in 83Ga using jj45pn space file and a 78kn4 interaction file, also shows the
the computer commends to run these files.
$ more 83ga.ans
lpe , 10 ! option (lpe or lan), neig (zero =10)
jj45pn ! model space (*.sp) file name
n ! any restrictions (y/n)
a_78kn4 ! interaction (*. int) file name
31 ! number of protons
83 ! number of nucleons
0.5, 3.5, 1.0, ! min J, max J, del J
1 ! parity (0 for +) (1 for -) (2 for both)
--------------------------------------------------
st ! option
$
$ shell 83ga.ans ! command to run the answer file
$ . 83ga.bat ! command to execute .bat file
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One of the important result files is the “.lpt” file, which shows a list of levels and
excitation energies with respect to lowest calculated energy level. The following file
shows the “.lpt” file for 82Ga energy levels, where the expected ground state (0−) is
different from the experimentally measured one (2−), but the excited energy levels
are comparable with the experimental data with a small energy shift of about 30 keV.
a = 82 z = 31
a_78kn4 1.00000 1.00000 -25.3460 -24.8340 -23.6520
-20.3640 -7.6410 -11.3170 -10.2110 -10.5490 -6.3550
N NJ E(MeV) Ex(MeV) J T_z p lowest Ex name
1 1 -90.129 0.000 0 -1 -1 0.000 xy3410.lpe
2 1 -90.050 0.079 1 -1 -1 0.079 xy3412.lpe
3 1 -90.043 0.086 2 -1 -1 0.086 xy3414.lpe
4 1 -89.958 0.171 4 -1 -1 0.171 xy3418.lpe
5 2 -89.957 0.172 2 -1 -1 xy3414.lpe
6 1 -89.832 0.297 3 -1 -1 0.297 xy3416.lpe
7 2 -89.720 0.409 1 -1 -1 xy3412.lpe
8 2 -89.711 0.418 4 -1 -1 xy3418.lpe
9 2 -89.645 0.484 3 -1 -1 xy3416.lpe
10 3 -89.568 0.561 2 -1 -1 xy3414.lpe
11 4 -89.467 0.662 2 -1 -1 xy3414.lpe
12 3 -89.338 0.791 3 -1 -1 xy3416.lpe
13 2 -89.338 0.791 0 -1 -1 xy3410.lpe
14 3 -89.165 0.964 1 -1 -1 xy3412.lpe
15 5 -89.055 1.074 2 -1 -1 xy3414.lpe
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6.2 Gamow-Teller transition probability calcula-
tion method
Gamow-Teller transition in 82,83Zn and 82,83Ga nuclei can occur by converting one
of bound neutrons inside 78Ni core to a proton leaving an unoccupied state (hole)
that results in high energy excited state. The probability of this transition can be
calculated using shell-model code (nushellX) using 56Ni core with jj44yrg interaction
file [37], where the single particle levels are
p/n level level energy
p 1f5/2 -14.94
p 2p3/2 -13.44
p 2p1/2 -12.04
p 1g9/2 -8.91
n 1f5/2 -8.39
n 1p3/2 -8.54
n 2p1/2 -7.21
n 2g9/2 -5.86
n 1d5/2 -1.98
1. First, design the input file which will “block” the valence neutrons outside 78Ni
core, which will be used to calculate the ground-state of parent nucleus that
will used in B(GT) calculation. The answer file of this step is show below.
lpe , 1 ! option (lpe or lan), neig (zero =10)
jj44rg ! model space (*.sp) name (a8)
y ! any restrictions (y/n)
s
0, 6, ! min ,max in orbit p1f 5/2
0, 4, ! min ,max in orbit p2p 3/2
0, 2, ! min ,max in orbit p2p 1/2
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0, 10, ! min ,max in orbit p1g 9/2
0, 6, ! min ,max in orbit n1f 5/2
0, 4, ! min ,max in orbit n2p 3/2
0, 2, ! min ,max in orbit n2p 1/2
0, 10, ! min ,max in orbit n1g 9/2
2, 2, ! min,max in orbit n2d 5/2
jj44yrg ! interaction (*. int) name (a8)
31 ! number of protons
83 ! number of nucleons
1.5, 3.5, 1.0, ! min J, max J, del J
1 ! parity (0 for +) (1 for -) (2 for both)
--------------------------------------------------
st ! option
2. The same restriction can be added to the “answer” file designed to calculate
excited states of the daughter nucleus, where the parity and total angular
momentum must satisfy the Gamow-Teller selection rules.
3. The next step is the calculate the ground-state for the daughter nucleus without
any restriction and with the expected ground-state total angular momentum and
parity. This step used to calculate the energy difference ∆E between lowest
energy in daughter of the Gamow-Teller states (second step) and the ground-
state energy.
4. The final step is to calculate the B(GT) using the following answer file, where
the initial input is the parent nucleus ground state with a fixed total angular
momentum, and the final input is lowest energy state of the daughter nucleus
excitation states with total angular momentum range is equal to the parent
angular momentum ±1, these file can be found in the “.lpt” files related to each
run. The total angular momentum change is restricted to be ∆J=0, 1.
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den ! option
t ! 1, 2 or t
xy3r15 ! initial file of 83Ga ground -state
1 ! max number
xy4r13 ! final file of 83Ge excited states
-1 ! max number
2.5, 2.5, 1.0, ! min , max J, del J for xy3n15
1.5, 3.5, 1.0, ! min , max J, del J for xy4n03
y ! restrict coupling for operator
0.0, 1.0, ! min ,max delta -J for operator
--------------------------------------------------
st ! option
The excited states with the B(GT) values will be listed in .bgt file, where the excitation
energy is with respect the lowest energy level in the daughter nucleus excitation file
calculated in the second step. The resultant excited energy can be referenced to the
real ground-state by adding the energy difference ∆E found in the third step to each
one. The following shows a part of unmodified .bgt file 83Ga β-decay.
ga831 ge831
jj44rg jj44zrg
ji ,ti = 2.5 10.5
sum
jf tf nf ex(MeV) b(gt) b(gt)
1.5 9.5 1 0.000 0.002 0.002
2.5 9.5 1 0.490 0.001 0.003
3.5 9.5 1 0.617 0.000 0.003
1.5 9.5 2 0.792 0.000 0.003
2.5 9.5 2 1.106 0.001 0.004
1.5 9.5 3 1.341 0.004 0.009
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The gap energy between the neutron’s highest energy state inside 78Ni core
(ν1g9/2) and the lowest energy state outside the 78Ni core (ν2d5/2) has its effect
on the B(GT) values. The gap energy can be adjusted by changing the ν2d5/2 state
energy in the used interaction file that based on 56Ni core.
6.3 Gamow-Teller transition probability of zinc
and gallium isotopes
The Gamow-Teller transition probability calculation for 82,83Zn and 82,83Ga were used
to study the size of N = 50 shell gap. We varied the gap energy of 2.88, 3.38, 3.88, 4.38
and 4.88 MeV used in this calculation. Figure 6.2 shows the calculated Gamow-Teller
strength for 82Ga. We notice that Gamow-Teller strength is shifted to higher energy
levels when increasing the gap energy following linear dependence. Also, it is shown
that the Gamow-Teller transition is associated with high-energy levels as expected,
where most of these excited energy levels located above the neutron separation energy
and only few energy levels small matrix elements are feeding levels located under the
neutron separation energy. A comparison between experimental 82Ga energy levels
and the calculated one shows that the must probable gap energy lay between 3.38
and 3.88 MeV.
Same calculations were done for 83Zn and 83Ga (Figs. 6.4 and 6.5). The results of
these calculations for gap energies between 3.38 and 3.88 MeV show small Gamow-
Teller matrix specially in 83Zn, this result can be used to explain the reason for not
seeing high-energy γ-ray within experimental data of 83Zn decay.
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Figure 6.2: B(GT) vs energy levels for different gap energy 82Ga β-decay.
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Figure 6.3: B(GT) vs energy levels for different gap energy 82Zn β-decay.
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Chapter 7
Discussions and conclusions of the
Zn β-decay experiments
The β-decay data of 82,83Zn and 82,83Ga presented in Chapters 4 to 6 will be discussed
here. The states populated in Gamow-Teller and first forbidden transitions are
interpreted using the shell model calculations using two choices of basis configuration
and residual interactions.
7.1 82Zn β-decay analysis
7.1.1 82Zn energy levels and β transition
The 82Zn is a neutron-rich isotope, which has 30 protons and 52 neutrons. The
ground-state spin of this even-even nucleus is 0+. The nuclear shell model provides a
tool to interpret the experimental data. The assumed doubly magic 78Ni considered
as a core for the isotopes we were studied. 82Zn has two protons outside the z=28
closed shell distributed among 1f5/2, 2p3/2, 2p1/2 and 1g9/2 orbitals, with the 1f5/2
orbital to be the most deeply bound in this region of the nuclear chart, as shown by
experimental evidence [3, 38] backed by the theory. The 2p3/2 and 1f5/2 reversal
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from the conventional ordering was interpreted as an effect of tensor interactions for
protons number larger than 28 [39].
Figure 6.1 shows the energy levels of N > 50 isotopes in 78Ni with the new energy-
levels ordering and the expected β-transitions. Some first forbidden (FF) transition
will be possible here, such as transformations of neutron from 2d5/2 orbital to a
proton in pf shell, these transition are associated with large Qβ values that leave
the daughter nucleus (82Ga) in low-energy excited states. Gamow-Teller transitions
may occur only between spin-orbit partner orbitals only, and as shown in Fig. 6.1,
Gamow-Teller transition will be associated with small Qβ value and will leave the
daughter nucleus with high-energy excited states due to the fact that only deeply
bound neutrons can be transformed. The excited nucleus can either decay by emitting
a neutron in case the excitation energy exceed the neutron’s separation energy or
otherwise, it will de-excited by emitting a γ-rays until it reach the ground-state.
7.1.2 β-decay energy-scheme of 82Zn
Several γ-ray lines associated with 82Zn β-decay were identified in this data analysis,
in addition, their relative transition intensities and γ-γ coincidence relationships were
established. The β-decay feeding of each energy-level was estimated in order to
build the decay-scheme. Since the 82Zn ground-state total momentum is Jpi = 0+
and the 82Ga is Jpi = 2− [30], the β-decay type will be first forbidden unique,
which means a high log(ft) value and β-transition probability less than 1% (see
Chapter 4). The direct ground-state feeding of 82Ga though βn-decay channel
was estimated by calculating the total feeding in 81Ge levels using 828 keV γ-
ray line of 22.1% absolute intensity and produced only by β-decay of 82Ga, then
the ground-state direct feeding was found by subtracting the γ-ray intensities in
81Ga from the total feeding. The β-decay feeding through β and βn channels
was used to calculate 82Zn neutron emission branching ratio and it was found
to be 71±7%. This branching ratio is somewhat less than the theoretically
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calculated value (see Borzov [31]), where the β-strength function was treated within a
self-consistent density-functional (DF3) and continuum-quasi-particle-random-phase-
approximation (CQRPA) framework including the Gamow-Teller (GT) and first-
forbidden transitions (FF). This model gave a neutron emission probability of about
90% for 82Zn as shown in Fig. 7.1.
The decay-scheme of 82Zn shown in Fig. 7.2 is based on the experimentally
calculated intensities and the γ-γ coincidence spectra. The left-hand side of Fig. 7.2
represents the β-decay,while the right-hand represents the βn-decay of 82Zn, where
we have identified and assigned several levels previously unknown in 82Ga, which were
populated either directly by β-decay of 82Zn or by γ-decay from bound energy states.
A strongly populated level at 2979 keV was identified and assigned through the γ-γ
coincidences analysis to 82Ga. This level appears to be populated in the Gamow-
Teller transformation, which is based on the log(ft) = 4.8. Thus, we will assign
spin and parity of Ipi = 1+ to this energy-level. The tentative spin assignments of
other low-energy levels populated in 82Zn decay is based on the assumption that they
are either populated directly in the first-forbidden transitions (530 and 366 keV) or
from the decay of the 1+ state. The 140 and 34.5 keV states have very small if any,
Figure 7.1: Delayed neutron emission probabilities for Zn isotopes calculated from
the DF3+CQRPA including the allowed and first-forbidden transitions shows about
90% βn branching ratio for 82Zn, this figure was taken from Ref. [31].
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Figure 7.2: β-Decay scheme of 82Zn with Gamow-Teller transition probability
matrix.
direct population in the β-decay, we conclude that their spins have to be larger than
two. The 34.5 keV level does not appear to have a measurable lifetime (< 10 ns), we
conclude the it de-excited via M1 transition, therefore, it’s spin and parity is likely
to be 2− or 3−. The de-excitation of the isomeric 140 keV level is consistent with E2
γ-ray transition and the likely spin and parity of this state is 4−.
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7.2 82Ga β-decay analysis
The decay of N=51 82Ga was studied previously by P. Hoff et al. [40]. The β-delayed
neutron branching ratio (Pn), was measured to be 19.8(10)% [41]. Another important
observable needed for the construction of the level scheme is the feeding to the ground
state of the daughter nucleus (82Ge) and it can be inferred from the systematic. The
ground-state spin of 82Ga was studied using laser spectroscopy [30] and it was found to
be 2−. The β transition from 82Ga to 82Ge ground-state (0+) is of the first forbidden
unique type with average log(ft) value of 9.5±0.8 and would result in Iβ ≤1% [17].
These information together with coincidence spectra and the calculated intensities
were used to build the 82Ga β-decay scheme presented in the left-hand side of Fig. 7.3.
When compared with the previous data we have added several levels to this decay
scheme at 1951, 2826, 3076, 3258, 3571, 3848, 4220, 5618, 6012, 6002, 6675 and
6818 keV. We searched for the evidence for the Gamow-Teller transitions in our data,
based on the systematic and shell model calculations. These levels should be present
at high excitation energies in the daughter nucleus. Here, we were able to assign
several new levels at 5618, 6012, 6062, 6675 and 6818 keV to the decay of 82Ga. The
assignment was based on γ-γ coincidence analysis. The apparent branching ratios
(and log(ft)) values (between 6.0 and 6.5) are small(large) when compared to the
typical allowed Gamow-Teller transitions. This is due to the fact that we were able
to see only a fraction of the intensity due to the pandemonium effect [42]. This is
consistent with the observations in decays of other N > 50 nuclei such as 81Zn[38]
and 83Ge [3]. In the other hand, some γ-ray lines were found in βn-decay channel
of 82Ga, all of these lines are previously reported [28] and no new γ-ray lines was
observed in this analysis.
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Figure 7.3: β-Decay scheme of 82Ga with Gamow-Teller strength calculations. The
feeding intensities should be considered as low limits and the log(ft) values as upper
limits for these decays.
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7.3 83Zn β-decay analysis
The even-odd 83Zn isotope has 2 valance protons and 3 valance neutrons outside
the closed shell. Because of the lack in data and the high contamination of 83Ga in
the implanted radioactive beam or because of the properties of this isotope due to its
nuclear structure, we were unable to see more than the doublet prompt 109 keV γ-ray
lines populated in 83Ga whereby 83Zn β-decay, in addition to the isomeric 141 keV in
82Ga populated whereby the βn-decay channel of 83Zn. These few decay information
was used to build a skeleton β-decay scheme for 83Zn, which shown in Fig. 7.4.
7.4 83Ga β-decay analysis
The high statistic of 83Ga makes its β-decay spectra to be the dominant one in this
analysis, and a new γ-ray lines has been observed feeding 83Ge. These new γ-ray lines
were used to update the previously reported β-decay scheme [3]. This analysis was
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Figure 7.4: β-Decay scheme of 83Zn with Gamow-Teller transition probability
matrix.
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combined with a theoretical shell model calculations, where we calculate low-energy
excited states (Fig. 7.6) and Gamow-Teller transition probability. No new γ-ray lines
(other than the previously reported ones [3]) were found in βn-decay channel.
The neutron emission probability of 83Ga was very hard to be estimated in this
analysis for several reasons listed in Section 5.2. The ground-states spin of each 83Ga
is 5/2− and 83Ge is 5/2+, which means we have a first forbidden β-transition between
the ground-states with a good probability. A similar case was found in 93Rb β-decay
of same ground-state spin [43], where it has 6.15 log(ft) value with about 34% direct
feeding to the ground-state in the β-decay, we will consider this value to represent
the ground-state direct feeding in β-decay of 83Ga. Since we were unable to estimate
the direct feeding of 82Ge through the βn-decay channel of 83Ga, we still unable to
estimate the neutron emission in 83Ga-decay.
The β-decay chain (83Ga – 83Ge – 83As) has no known absolute γ-branching ratio
in there γ-ray spectra. On the other side, the β-decay half-life of 82Ge in the βn-decay
channel is 4.6 second , which represents a big challenge to evaluate the total feeding
in this channel. In this case we were unable to extract neutron emission probability
in 83Ga from our data.
Figure 7.5 represents the β-decay scheme of 83Ga combined with Gamow-Teller β-
transition probability matrix. No γ-ray lines of high energy that represent a Gamow-
Teller β-transition were found in this analysis as shown in the figure.
7.5 82,83Zn half-lives
Two different values of β-decay half-life of 82Zn previously published [5, 6], present
data used to extract 82Zn half-life in [5] has been reanalyzed due the discrepancies
between both experiments. The cycle time vs γ-ray energy spectrum was used to
extract the grow-in and decay pattern over the cycle time. The 351 keV γ-ray line
was the most intense in this decay was used here, where we choose a very narrow
gate of length composed of even number of channels. The background gate has been
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limits for these decays.
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splitted into two gates, one to the left and one to the right of the γ-line such that the
total number of channels are equal to the γ-ray gate channels number.
PYSPECTR Python computer [24] code was used to fit the data using two fitting
model, grow-in and decay-only Fig. 4.7. Another decay-only fitting code based on
least-square-method using GNU Scientific Library (GSL) [44] was used in addition
to PYSPECTR code. Both codes give a close half-life results. The average β-decay
half-life of 82Zn we obtained is 155±17 ms, which is even less than the previously
published half-life values (see Chapter 4). The β-decay half-life of the other γ-ray
lines that have enough counts to be fitted show a half-life values within the error bar
range of 155±17 ms value.
The β-decay half-life of 83Zn was fitted and calculated in the same way we did
with β-decay half-life of 82Zn, where we obtained 122±28 ms, which is within the
error bar of previously reported value [5].
The resultant half-lives is about three times smaller than the theoretically
calculated ones [31] using both Gamow-Teller with first forbidden transitions. These
half-lives will have its effect on the r-process path location [45]. The location
of the path has consequences for the resulting nuclear abundances, calculated by
astrophysical models [5].
7.6 Gamow-Teller decays of zinc and gallium iso-
topes
Beta-decays of N > 50 isotopes is a result of competition between forbidden
transitions with large Qβ values but very small decay strength and allowed Gamow-
Teller decays to highly excited states. The decay strength is large and for sufficiently
exotic nuclei, the Gamow-Teller decay becomes dominant, resulting in observed large
β-delayed neutron branching ratios [34, 31] in this region [35, 36]. The experimental
results presented here, show evidence for the Gamow-Teller transformations to the
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bound states in the decay daughter, thus providing an insight into the role of the
N = 50 shell gap in these decays. In order to quantify it, we have developed
new shell-model calculations [37]. The allowed Gamow-Teller transitions occur only
between fpg neutrons and their spin-orbit proton orbitals, the neutrons occupying
valence d5/2, s1/2 orbitals can be considered as spectators. Using this approximation,
detailed shell model calculations can be performed with the explicit inclusion of the
d5/2 orbital, which would be otherwise unfeasible. The relative spacing between
νd5/2 to the νg9/2 ( N = 50 shell-gap) was varied to achieve an agreement with
the experimental data. In this case, the shell-model calculation used the interactions
developed by Lisetskiy et al [39] for the 78Ni region, used previously to interpret
experimental data [46, 47]. In the B(GT) calculation, the neutron d5/2 orbital was
added and a set of proton-neutron interaction was added, which were constructed
schematically using the matrix elements for f5/2 orbital.
The calculation used the single particle energies proposed by Grawe et al. [48].
The shell-model code NushellX was used in its parallel processing version [4, 49]
and calculations were performed on a 24 core machine. In these calculations the
neutrons occupying d5/2 orbitals were blocked, while the protons and neutrons in
respective fpg orbitals were allowed to scatter without restrictions. The results of
these calculations are presented on the right-hand panels in Figs. 7.2 to 7.5 for easy
comparison with the experimental data. One must easily notice that the majority
of the Gamow-Teller strength distribution remains concentrated at high excitation
energies of 5-6 MeV or higher. In all of the investigated cases, this corresponds to
population of neutron unbound states, and can explain the large β-delayed neutron
branching ratios. In few selected cases, the decay strength is scattered to lower
energies, possibly due to proton-neutron interactions and neutron bound states are
populated. This is most dramatically seen in 82Zn decay, where a Gamow-Teller state
at 2.6 MeV is predicted to exist. Experimental data revealed that a state at 2979 keV
in 82Ga is strongly populated in this decay. Based on the small log(ft) = 4.8 value we
assigned this level to be 1+. In the decay of 83Zn we could not assign unambiguously
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any of the transitions to be populating bound Gamow-Teller state. This is possibly
due to the limited statistics and order of magnitude smaller B(GT) matrix elements
for the states at about 4 MeV excitation (see Fig. 7.4). Similarly, we can find the
correspondence between the group of states above 5.6 MeV and the low energy tail of
the Gamow-Teller distribution. It is possible, that the 4.221 MeV level is the lowest
excited state populated via Gamow-Teller transformation. The decay of 83Ga does
not allow to assign any of the transitions to the allowed Gamow-Teller. In the more
expanded calculations, we investigated the dependence of the strength distribution
on the shell-gap energy and we found a simple linear scalability of the distribution,
which is a result of the truncation. The results of the calculations for the decay of
82Ga are very consistent with the initial shell-gap energy of 3.88 MeV as postulated
by Grawe et al.. The 83Zn decay data could point to a somewhat higher gap energy
of about 4.2 MeV, but both results could be strongly affected by the rather choice of
the pn interactions for the d5/2 orbital and should be a subject for further theoretical
work.
7.7 Low-excited states in gallium and germanium
isotopes
The low-energy excited states in gallium and germanium decays are populated in
beta decays either directly or via the de-excitation of the high energy levels. Direct
population occurs in forbidden type transitions, due to the fact that parent ground
state and daughter states are of the opposite parity. This has been generally observed
in all previous studies [38, 3] and is evidenced by the large log(ft) values of about
5.5-6.5. While the states populated in Gamow-Teller decays are due to particle-hole
excitations across the N=50 shell gap, the low-energy excitations can be interpreted
as excitation involving orbitals near Fermi energy. The experimental data can
compared to the prediction by the nuclear shell model, which gives an insight into
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the microscopic nature of the low-energy states observed. The calculations were
performed using NushellX [4, 49] code.
For the nuclei with N > 50, we used the valence space with 78Ni inert core
and single particle orbital d5/5 (-11.3 MeV), g7/2 (-7.6 MeV),d3/2 (-10.2 MeV),
s1/2 (-10.5 MeV) and h11/2 (-6.3 MeV) for neutrons and f5/2 (-25.3 MeV), p3/2
(-24.8 MeV), p1/2 (23.6 MeV) and g9/2 (20.3 MeV) for protons. The residual
interaction “a 78kn4” were derived [50] from chiral N3LO [51] nucleon-nucleon
interactions. The results of these calculations for excited states in 82,83Ga and 83Ge
are shown in Fig. 7.6. The low energy excitation in gallium isotopes are of negative
parity and are dominated by the d5/2 and s1/2 neutrons coupled to f5/2 protons
forming a dense rich spectrum of levels.
The 82Ga ground state, which is known to be Jpi = 2− state [30] from laser
spectroscopy, is predicted to be Jpi = 0− with less than 100 keV separation energy
is well within accuracy expected by any shell model calculations for odd-odd nuclei.
The long lived 4− state observed by Kameda and in this work, is also predicted to
be isomeric by the shell model. This state is likely due to aligned proton-neutron
configuration between f5/2 proton and d5/2 neutron. The intensity of 141 keV line
depopulating the 4− state is very small Iβ < 1.87% and this state is unlikely to be
populated directly in β-decay of even-even 82Zn. This state is observed also in βn
decay of 83Zn. The new M1 line cascade of two 109 keV transitions in 83Ga can be
explained as a set of transitions between 5/2−, 3/2− and 1/2− states also predicted
by the shell model. However the experimental data suggest different ordering of the
levels such as 1/2−, 3/2−, 5/2−. The predicted by the shell model sequence requires,
that the low-energy E2 1/2− to 5/2− would causes the 1/2− state to be isomeric.
For completeness we also include calculations for positive parity states in 83Ge. The
inspection of the wave functions of the 1/2+ and 5/2+ states reveals similar degree of
configuration mixing as previously published. In these calculations the first exctited
1/2+ state in 79Ni is at 0.768 MeV. For 82Ge of N = 50, the calculations with 79Ni
core are not appropriate, because of the missing proton-neutron correlations. For
81
82Ga
0 0−
79 1−
86 2−
171 4−
172 2−
297 3−
409 1−
418 4−
484 3−
561 2−
662 2−
791 3−
964 1−
1074 2−
keV
83Ga
0 5/2−
52 1/2−
120 3/2−
372 3/2−
634 9/2−
685 5/2−
723 7/2−
keV
82Ge
0 0+
1321 2+
1902 0+
keV
83Ge
0 5/2+
388 1/2+
1043 3/2+
1610 9/2+
1801 7/2+
1910 5/2+
2002 3/2+
keV
Figure 7.6: Shell model calculation for the low-energy excited states. For 82,83Ga and
83Ge, the a 78kn4 interactions with 79Ni core were used. For 82Ge, the calculations
used the 56Ni core and jj44bpn interactions [39].
completeness we show here the comparison with the calculations using the 56Ni core
and fpg proton neutron valence space with interactions develeped by Lisetskiy [39].
They reproduce very well the excitation of 2+ excited state.
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Part II
Development of a segmented
scintillator for decay studies
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Abstract
In order to enable future studies of very neutron rich isotopes a new detector
was developed in the second part of this work. This detector is intended for
use in fragmentation type experiments, which require segmentation in order to
enable implantation-decay correlations. In addition, the detector requires good
timing resolution for neutron time-of-flight experiments. A Position Sensitive Photo-
Multiplier Tube (PSPMT) from Hamamatsu coupled with a 16×16 fast pixelated
plastic scintillator was used. The PSPMT’s anodes form 8×8 two dimensional matrix
(4 scintillator’s pixels for each anode), it used for position reconstruction. Position
localization has been achieved for a range of energies between 0.5 and 5 MeV. A
single signal (DY12) derived from the last dynode of the 64 anodes shows a sufficient
time resolution between this signal and the anode’s signals, which enable us to used
the DY12 signal alone as a trigger for timing purposes. The detector’s DY12 signals
was tested with reference detectors and it provided a sub-nanosecond time resolution
through the use of a pulse-shape analysis algorithm. This resolution is sufficient
for use in time-of-flight experiments. The detector ability to survive after implanting
high-energy ions was tested using a laser that simulated energy of 1 GeV. The recovery
time of the detector in this situation was 200 nanosecond, which is considered to be
a short time with respect to β-decay half life of most of neutron-rich isotopes.
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Chapter 8
Development of a segmented
scintillator for decay studies
Decay spectroscopy studies of neutron-rich nuclei far from stability are important
to explore nuclear structure and astrophysical processes involving atomic nuclei.
Neutron-rich isotopes can be produced by fission, fragmentation and spallation using
intense beams of stable ions and thick targets. When beams of high-energy particles
strike a target material, a large variety of isotopes are produced. Many of the
produced species generated in the nuclear reactions are unstable. Using in-flight
electromagnetic ion separation techniques, it is possible to separate out the most
desired reaction products, produce isotopic samples, and study their decays. In
fragmentation type experiments, energetic ions can be identified event by event. In
a typical experiment, many ions are implanted and they may subsequently decay.
Typically, a spatial correlation between implantation and decay is achieved by using
a position sensitive detector.
Typically in such experiments, heavy ions are implanted into Double-sided Silicon
Strip Detectors (DSSD) of 0.3-1.0 mm thickness, which is ideal for detecting charged-
particle emission from nuclei [52]. For each event in the typical DSSD used in decay
type experiments, the energy and event type (implantation or decay) are recorded.
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Unfortunately, the time resolution of a DSSD exceeds a nanosecond [7] and cannot
be used in time-of-flight (TOF) or fast timing measurements where sub-nanosecond
resolution is required. For this purpose, a fast, segmented trigger detector need to be
developed to both provide a trigger signal in neutron time-of-flight experiments and
also serve as an implantation detector. We utilize the detector concept presented
by Blackston et el. [53]. A segmented scintillator detector called CAITEN for
implantation-decay correlation was developed by Nishimura [54] at RIKEN. Here
in this part we demonstrate how such concept can be realized with fully digital
electronics and focus on its timing properties.
The Versatile Array of Neutron Detectors at Low Energy (VANDLE) [55] is an
array of plastic scintillator bars (shown in Fig. 8.1) used to detect neutrons emitted
in nuclear reactions or beta-delayed neutron emission. The energy of the neutron
is determined using the TOF technique. The fast, segmented trigger detector can
be used as an implantation detector in place of, or with the DSSD detector to
correlate the implantation with decay position and provide sub-nanosecond timing
signals necessary for VANDLE.
Figure 8.1: A picture of VANDLE in cylindrical layout taken from an experiment
in HRIBF at ORNL.
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8.1 Detector system
The detector system we developed here and shown in Figs. 8.2a and 8.2b consist of
an 8×8 pixelated H8500C-03 Hamamatsu Position Sensitive Photo-Multiplier Tube
(PSPMT) [56] and a 16×16 segmented fast plastic scintillator (EJ-204) manufactured
by ELJEN Technology [57]. The PSPMT has 64 anodes used to determine the decay
position. Each anode consist of a series of 12 dynodes started from dynode number
one near the cathode and ended with anode number 12 (DY12) with a high negative
voltage (Vmax=1100 V) applied across the cathode and the anode. A common signal
came from DY12 is used for timing, which means that we have 65 channels in general,
64 channels used for position determination and one channel (DY12) used for timing
all in one detector. The PSPMT has a size of 52×52 mm2 and a 6 ns pulse transit
time with 0.4 ns width (FWHM) according to manufacturer’s specification.
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Figure 8.2: (a) The 16×16 pixelated plastic scintillator crystal coupled the PSPMT;
(b) Drawing shows the cross-section of the detector; (c) Experimental setup using
PSPMT detector. The DSSD is needed to identify the heavy ions.
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The PSPMT is coupled to a the segmented fast plastic scintillator of 0.7 ns rise
time, where each pixel in this scintillator has a dimension of 3.25×3.25×10 mm3,
Table 8.1 shows the physical properties of each PSPMT and the scintillator material.
A silicon optical grease (BC-630) [58] was used to couple the segmented scintillator to
the PSPMT, this grease has 1.465 optical refractive index and 95% flat transmission
for wavelength between 280-700 nm. The grease used as a soft material between the
scintillator and the PSPMT and prevent the sold contact between them that may
be cause some scratch in the PSPMT windows, which scattered the light away. In
addition to that, the refractive index approximately equal to the PSPMTs window
and scintillator crystal refractive indices, which smoothly transmits the light between
them. Air bubbles inside the grease must be removed as possible because they scatter
the scintillated light.
PSPMT detector was instrumented with a digital data acquisition system from
DGF Pixie-16-250 manufactured by XIA LLC [21]. This system digitize raw signals
from the detector, more details will about the process inside this system will be
discussed later in this chapter.
8.1.1 Motivation
This work sought to develop a fast, segmented trigger detector to be used in
fragmentation type experiments with VANDLE. This detector must be capable of
• Detecting high-energy fragmented ions.
Table 8.1: Physical properties of the PSPMT and EJ-204 plastic scintillator.
H8500C-03 PSPMT EJ-204 fast scintillator
Size 52×52 mm2 Efficiency, photons/1 MeV 10,400
Peak wavelength 420 nm Peak wavelength 408 nm
Gain (0.5-1.5)×106 Refractive index 1.58
Rise time 0.8 ns Rise time 0.7 ns
Transit time 6 ns Decay time 1.8 ns
Pulse width (FWHM) 0.4 ns Pulse width (FWHM) 2.2 ns
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• Correlate the implantation and decay position.
• Provide a time signal with resolution better than a nanosecond.
Figure 8.2c shows the expected experimental setup using VANDLE to detect emitted
neutron, high-purity Germanium detector (HPGe) for γ-spectroscopy, DSSD and the
PSPMT detector to correlate the implantation and decay position so PSPMT detector
can trigger the time signal.
8.2 Physical processes inside the PSPMT detector
The physical processes take place inside the PSPMT detector were discussed in this
section. Its known that nuclear radiation specially γ-rays cannot be detected directly
by Photo-Multiplier Tubes (PMTs) because of its high energy compared to what
PMTs can observe, i.e. H8500C-03 PSPMT can detect light between 185-650 nm.
According to this reason a scintillator crystals used on the top of the PSPMT to
convert the nuclear radiation energy to a large number of low energy photons with
a wavelength suitable to be detected by the PMTs. EJ-204 scintillator emission
spectrum peaks between 380-500 nm with a maximum emission take place at a
wavelength of 408 nm, which is very suitable to the used with the PSPMT. The
number of produced photons are proportional to the radiation energy.
Each PSPMT channel can be fed by a scintillated light of 4 pixels (2×2) for more
position localization. The scintillated light transmit through the PSPMT window and
interact with the cathode material (photoelectric effect) to produce photoelectrons
where it will be accelerated between 12 dynode under high negative voltage, the total
number of the electrons will be multiplied each time it hit one of the anodes, Fig. 8.3
shows the electrons flow path in 7 dynode PSPMT starting from the photocathode
to the anode. The total gain in our PSPMT is (0.5-1.5)×106 as listed in Table 8.1.
Position localization is affected by several shortcomings of the PSPMT such as the
crosstalk, dark current and anode uniformity. When the electrons flow transferred
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Figure 8.3: Electrons flow path inside 7 dynodes PSPMT started from the
photocathode to the anode through a 7 dynodes [59].
from one dynode’s plate to another it multiplied and get broaden as shown in Fig. 8.3,
which will give some of these electrons a probability to escape to adjacent plate
that feed different anode channel, this issue called crosstalk effect. The crosstalk
effect has been used in position localization function as will be discussed later. Dark
current is a part of one nanoampere current per PSPMT channel that produced by
thermal activation for the photocathode electrons, the dark current increase as the
photocathode temperature increase. Proper chosen energy threshold can reduce the
dark current effect.
Anode uniformity is an issue facing energy measurement in the PSPMT, where
different channel will give different gain (current amplification). Anode uniformity
can be found in the final test sheet provided by manufacturer. Figure 8.4 shows a
histogram of the 8×8 PSPMT anodes uniformity relative values, where the ratio of
anode output is 1:2.2 as posted in the Hamamatsu test sheet of this PSPMT, the
ratio relation can be written as
Anode Uniformity Ratio = gainmin. : gainmax..
The reason for anode uniformity is due to variation in secondary electron multi-
plier [59, chap. 9]. According to this, the anode current (Ia) is different for different
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Figure 8.4: The 8×8 PSPMT uniformity histogram.
anodes under the same activating light. Since the anode current is proportional to
incident nuclear radiation energy, the PSPMT uniformity can be corrected by a proper
calibration algorithm for each anode.
8.3 Digital data acquisition system
The average anode output current in total at maximum PSPMT bias (1100 V) is
100 µA, which considered as a raw data. The raw voltage from the PSPMT is sent
to a data acquisition system, where it can be filtered, treated, digitized and sent it
to a host computer to be analyzed and saved, Fig. 8.5 briefly shows the process take
place inside pixie-16 board. The acquisition system used here is DGF Pixie-16-250
manufactured by XIA LLC [21]
The main signal treatment processes inside Pixie-16 can be summarized in the
following points
1. The incoming analog signals are terminated with 50 Ω with no attenuation,
the termination is used to eliminate the signal reflection back through carrier
cable. Then the analog signal offset will adjusted by adding constant voltage
within ±1.5 V limits. In this step, the high(low) gain in addition to the
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Figure 8.5: The processes take place inside Pixie-16 data acquisition system board.
positive(negative) polarity can be adjusted through the additional operational
amplifier (op-amp). The treated analog signal will proceed through low pass
filter (Nyquist filter), which is a subsequent op-amp amplifies the signal by
another factor of 2 and removes the high-frequency components and adapt it
before it get into the Analog-to-Digital Converter (ADC).
2. ADC digitizes incoming signal at a certain frequency depend on the module
of Pixie-16. For example, Pixie-16-100 is 12 bit 100 mega-Samples Per Second
(MSPS) or 10 ns sampling period is the first module we worked with in this
project, also Pixie-16-100, which is 12-bit 250 MSPS digitizer (4 ns sampling
period).
3. The data streams (16 channels) are groups into sets of 4 channels and fed into
a Field Programmable Gate Arrays (FPGA). The important processes occur in
FPGA are
• Generate fast triggers on the rising edge of the pulse.
• Apply digital filtering that perform like a shaping amplifier, trapezoidal
filter usually used.
• Trigger/Filter FPGA contains a pileup inspector, this logic ensures that
if a second pulse is detected too soon after the first one it will corrupted
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the first pulse height measurement, in this case both pulses are rejected as
piled up.
4. Digital Signal Processor (DSP) controls the operation of Pixie-16, reads raw
data from the Trigger/Filter FPGAs, reconstructs true pulse heights, applies
time stamps, prepares data for output and send it to a host computer. The
host computer communicates with the DSP, via the Peripheral Component
Interconnect (PCI) interface.
8.4 Position localization
8.4.1 Center-of-gravity method
H8500C PSPMT has 64 anodes forming an 8×8 flat panel-cells, each channel is fed
by a 2×2 scintillator pixels, which provide the ability to determine the emission
point. Nuclear ions implantation or decay particles produce photons in the scintillator
through atomic interactions. These photons propagate through one sector of the
scintillator to the PSPMT. However, the spread of the scintillated photons inside the
scintillator and PSPMT and the scattering of the photons between segments of the
scintillator [60] in addition to the crosstalk inside the PSPMT result in more than one
active pixel (anode) in the PSPMT. An event with only one active anode is unlikely
to be a true event. Also, it was found that events with more than nine active anodes
were usually the result of multiple interactions within the scintillator. Such recorded
events should be rejected in both of these scenarios. A software gate using these
criteria ensure that the Center-of-Gravity Algorithm (CGA) accurately determine
the active pixel. The algorithm implements the following relations to determine the
active pixels row and column. The intersection between the two represents the active
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anode.
Active row = integer of
(
1
ET
64∑
i=1
(8x8)’s rowi × Ei
)
, (8.1a)
Active column = integer of
(
1
ET
64∑
i=1
(8x8)’s columni × Ei
)
. (8.1b)
where ET is the energy sum of all the 64 anodes, Ei is the energy of i
th anode,
(8× 8)rowi(columni) is the row(column) number of the ith anode. To fined the active
pixel in the segmented scintillator we multiply both equation inside the parentheses
in Eq. (8.1) by 2, and take the integer and the intersection point between both
equations, which represents the active pixel. Center-of-gravity method with more
position resolution was used to see the distribution of the light inside each individual
scintillator’s pixel.
8.5 Results of the position localization tests
Position localization in the PSPMT detector system with the center-of-gravity
algorithm method had been tested using several nuclear radiation sources such α, β
particles and γ-ray. Figure 8.6 shows the readout result of different position resolution,
where 210Po placed on the top of scintillator. The 210Po source provides α short-range
particles with energies up to 5 MeV. In this test, the readout position was localized
and represents the true interaction position. The position resolution of these tests
was 0.97±0.03 mm (Fig. 8.6d).
For more precise localization, we used two different lead collimators one with single
hole and one with a grid of 16 holes; each collimator was 15 mm thick and had a hole
diameter of 3 mm (see Fig. 8.7a). A 137Cs provided γ-rays of 662 keV to this test.
A VXM stepping motor [61] with step precision of 6.35×10−3 mm/step, moves the
γ-source across the scintillator’s face. A computer code automated the movements of
the step-motor. Figure Fig. 8.7b shows the active pixels using single-hole collimator
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Figure 8.6: PSPMT readout after exposing to α and β-radiation from collimated
source, (a) row histogram from 8×8 anodes, (b) represents the 16×16 pixelated
scintillator, (c) CGA with 240×240 resolution projected over the grid of pixels of
the scintillators segmentation (d) projection of (c) on x-axis between x=60-75, and
Gaussian fit. Both (c) and (d) illustrate that the interaction can be localized to an
individual pixel.
and random steps of the step-motor. Figure Fig. 8.7c demonstrate the performance of
the detector with the 16 holes collimator for 500 sec/hole. These figures demonstrate
edge effects, as seen by the missing pixels near the edge of the graph.
Non-collimated sources also used in the position localization testing. A 60Co
provided γ-rays of 1.3 MeV and was located 2.5 cm away from the center of the
detector. Figure 8.8a shows the 16×16 pixel graph for this measurement. To
determine the emission point inside each pixel, we used the same center-of-gravity
technique to extend the resolution to 240×240 pixel (see Fig. 8.8b, where the peaks
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Figure 8.7: Position localization using both collimators and VXM stepping motor.
(a) One and 16 holes collimator used in PSPMT testing, (b) One-hole collimated γ-
source moving a random steps, (c) active pixels when the source scanned the 16-holes
of the collimator, the image reveals only 12 holes due to edge effects of the algorithm.
resulted by projecting the spectrum of this figure onto one axis was fitted as shown
in Fig. 8.8c, 0.97±0.03 mm position resolution was provided from this analysis.
8.6 Time resolution
The Dy12 signal is a common for all of the 64-anodes as mentioned before. If the
time difference between these signals is expected to be sufficiently small, a single
DY12 signal can be used for timing instead of using the 64-anodes separately. The
sampling period of our data acquisition system is 4 ns (Pixie-16-250), which could be
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Figure 8.8: Photon localization within the plastic scintillator pixels using Gamma-
source up to 1.3 MeV located 2.5 cm away from the PSPMT detector. (a) The active
pixels of the 16×16 segmented scintillator, (b) the 240×240 position resolution, (c) a
projection onto the x-axis of the 240×240 spectrum with y=135-150 shows position
localization with a resolution of about 1 mm.
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a challenge in a situation where sub-nanosecond timing is required. This issue was
solved using pulse-shape analysis algorithm by Paulauskas [62].
8.6.1 Pulse-shape analysis
In general, the time resolution in the data acquisition system has a minimum limit
equal to the sampling period of the system, and it can be extracted from the
pulse energy vs time analysis. In the pulse-shape analysis algorithm, the time-walk
corrected energy vs time pulse is fit to extract time resolution less than the sampling
period, i.e. suppose we have time-walk corrected start and stop signals of same
energy and time difference less than the sampling period (see Fig. 8.9), where you
cannot estimate the time difference. But in case there is time difference between the
two signals, the energy (count) in each sampling period is different between the two
signal. In this case, a proper fitting function can calculate the time difference by
calculating the phase difference between the two signals. This analysis depends on
fitting the trace of each pulse (energy vs time) with the following function
f(t;α, β, γ, φ) = α× e−(β−φ) × (1− e−(γ(t−φ))2). (8.2)
where t is the time, and β and γ are adjustable fitting parameters determined by
averaged digitized waveforms for a given detector. The pulse amplitude factor α with
the pulse phase φ are used to find the time difference between a start and stop signals
with the following relation
∆t = Stop-time− Start-time, (8.3a)
Stop/Start-time = Trigger-time + Phase, (8.3b)
where the phase is taken with respect to the DAQ sampling clock after the trigger.
To check the validity of fitting method, we used the fact that the time difference
between successive phases of the start and the stop signals is constant. Since
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Figure 8.9: Phase-shape analysis, where (a) is start and stop digitized waveform
with a proper fit that clearly shows the phase difference between them, (b) shows the
start and stop phases relative to the sampling clock within and in different sampling
periods ∆φa = −δφb..
the phases are random to the sampling clock, thus, the phase-phase plot (φstop −
φstart=constant) must be a straight line. If the phases are related to a different
sampling clock, we will get a second straight line.
8.6.2 Results of time resolution tests
A time calibrator [63] was connected directly to pixie-16 board and used to test the
timing algorithm codes, it adjusted to 10 ns period and 80 ns range, where an accurate
digital clock will produce 7 stop pulses at precisely spaced intervals (10 ns) after a
start pulse. Figure 8.10a shows the exact time difference between each two pulses
that support the validity of the codes.
The second step was to support the choice of DY12 single signal to be used as
a timing signal instead of the 64 anode channel, where the time resolution between
the dynode and one of the anode signals was measured by using 60Co γ-source. The
most active anode provides the timing signal for the algorithm. A time resolution of
about 300±3 ps was obtained between the two signals, see Fig. 8.10b, which is an
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Figure 8.10: (a) The time difference between start and stop signals of the model 462
ORTEC time calibrator with 10 ns between each two successive pulses, (b) the time
resolution of the PSPMT’s dynode and the most active anode is 300±3 ps, (c) the
phase-phase plot for the start and stop signals from the time calibrator demonstrate
the proper linear relationship.
acceptable time difference between them since it is less than third of a nanosecond.
Figure 8.10c displays the linear relation between the start and stop phases, which
reflect the validity of the fitting function. 60Co γ-source usually used in the timing
resolution analyses because it provide two γ-ray energy of 1173 and 1332 keV, which
has same γ-branching ratio and very close in their energies.
Figure 8.11a display the testing setup for measuring the time resolution between
the dynode of the PSPMT (400 ps FWHM resolution from manufacture specification,
see Table 8.1) and a reference detector with 418 ps (FWHM) resolution previously
determined in an independent measurement [62]. The time resolution for the test
setup was 580±10 ps as show in Fig. 8.11b, which confirm the expected time resolution
of the system (580 ps).
The previous time difference resolution tests are repeated using different sources.
The average time resolution we get is 580±10 ps, Which is less than one nanosecond.
This result indicate that the time resolution of the PSPMT with the pulse-shape
analyses code are sufficient for TOF measurements and can be used in future decay
experiments.
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Figure 8.11: (a) Drawing represent PSPMT with reference detector in time
difference test, (b) timing between the PSPMT’s dynode and a reference detector
signals shows 580 ps time resolution.
8.7 Response to high-energy signals
Since the PSPMT detector will used with high-energy heavy ions implantation, it is
necessary to check the detector capability to survive under this circumstances. The
easiest and efficient way to do like this test is to create a light signal that simulate
high-energy signals produced by implantation.
A laser pulsar (BNC-6040) was used in this test and set to provide a violet light
of 405 nm wavelength, which is very close to the peak wavelength of the scintillator
(408 nm) and the peak sensitivity of the PSPMT (400 nm) to insure a maximum
photo-electrons emission inside the detector. A short pulse of light simulates a signal
of light equivalent to 1 GeV implantation energy. Such large signal was able to
saturate the PSPMT detector circuitry. As shown in Fig. 8.12, the energy information
is lost because the voltage exceeds the dynamic range of the transistor circuit of the
PSPMT, which is 2.2 V (see Ref. [21]). However, one can observe that the detector
recovered in about 200 ns, which is usually less than the β-decay half-life of the
most known neutron-rich nuclei. Even the β-decay in most cases will take place after
the PSPMT recover from high-energy implantation signal, but a thin silicon DSSD
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Figure 8.12: A laser-pulse simulate about 1 GeV implantation energy that saturate
the detector. The detector fully recovers after about 200 ns.
that reduce the heavy ions energy when passing through it and provide additional
information about the XY coordinates of the implantation signal.
8.8 Conclusions
In this part of work, we constructed and tested the performance of the scintillator
detector, which composed of a segmented plastic scintillator coupled to a position-
sensitive photo-multiplier tube (PSPMT). This detector will be used in fragmentation
type experiments as a position and trigger (timing) detector.
Testing of this detector were performed using α, β-particles and γ-ray sources,
which proved that this detector can be used in position-sensitive experiments that
required position resolution of about 1.0 mm. This detector provides timing signal of
300±3 ps FWHM between DY12 of the PSPMT and the most active anode,this small
FWHM enable us to used DY12 alone as a trigger signal instead of the 64 anodes.
The time resolution of the detector was determined to be 400±5 ps in agreement
with manufactures specifications, which is sufficient to use this detector as a trigger
detector. The time difference resolution between the PSPMT DY12 and a 418 ps
time resolution reference detector was also measured to be 580±10 ps, which confirm
the expected time resolution of the system (580 ps).
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The detector ability to survive and recover after implanting high-energy ions was
tested using a laser pulsar that provide a short pulse of light chosen to maximize the
photo-electron emission in the detector system and simulated heavy ions implantation
energy of 1 GeV. The recovery time of the detector in this situation is 200 ns, which
consider an acceptable recovery time compare to the most neutron-rich β-decay half
life.
According to these results, the PSPMT detector can be used in β-decay studies
using high-energy fragmentation type experiments, where one can implant high-
energy fragmented ions. It is capable to correlate the implantation with decay
position, and provide timing signals with resolutions necessary for the time-of-flight
measurements. The PSPMT project was sent to National Superconducting Cyclotron
Laboratory (NSCL) to be built and used in future β-decay experiments with VANDLE
or with other neutron and beta detectors. Figure 8.13 shows the primary design of
the PSPMT detector with SEGA array [64] in NSCL.
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Figure 8.13: A primary design for PSPMT in NSCL(a) PSPMT detector primary
design with SEGA array, (b) thin DSSD in front of the PSPMT system at the end of
the beam line [65].
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Chapter 9
Conclusion
Beta-decay spectroscopy is one of the methods used to study the neutron-rich
nuclei. This spectroscopy involve the study of β-transitions, neutron emissions, γ-ray
spectroscopy and half-life calculations, the results of these studies used to explain
the nucleus physics and nucleosynthesis that take place in our universe. In order to
perform such studies, we need to produce very neutron-rich isotopes, which required
special facilities such as HRIBF at ORNL, detecting system and analyzing methods
to extract important results from the experimental data. Experimental data is used
to benchmark theoretical models, which can be then used to make predictions for
unknown nuclei. This work includes two parts, the first is the decays of zinc and
gallium isotopes of A = 82, 83, the second is describes construction and tests of a fast
segmented scintillator detector.
9.1 Zinc and gallium β-decay spectroscopy
In this work, we analyzed beta decays of neutron-rich 82,83Zn and 82,83Ga isotopes.
β-decay. The experiments were performed using ISOL technique at the Holifield
Radioactive Ion Beam Facility at ORNL.
New γ-ray lines and high-energy levels in 82Zn β-decay were found and used
to build new decay-scheme, where a 71±7% β-delayed neutron branching ratio was
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determined. One doublet line in 83Zn was found, where we expect to be produced
by β-decay channel and feed 83Ga energy-levels. Several new γ-ray lines and high-
energy levels in 82,83Ga β-decay were also found and added to the recently published
decay-schemes [2, 3].
A theoretical shell model calculations were performed using NuShellX computer
code shows Gamow-Teller strength associated with high-energy levels of 82,83Zn and
82,83Ga. The observed B(GT) values confirm our assumption of the existence of
particle hole excitation in the daughters nuclei.
Finally, the grow-in/decay pattern were fitted using nonlinear least-squares
algorithm through the NUMERICAL PYSPECTR Python software [24] to calculate
the half-lives of 82,83Zn and 82,83Ga. The half-lives of 82,83Ga were found consistent
with previously published values. A new values of 155±17 and 122±28 were
determined for each 82,83Zn respectively, which are however different from previously
published values [5, 6].
9.2 Fast segmented scintillator detector
In this part of work, we constructed and tested the performance of the scintillator
detector, which composed of a segmented plastic scintillator coupled to a position-
sensitive photo-multiplier tube (PSPMT). This detector will be used in fragmentation
type experiments as a position and trigger (timing) detector.
Testing of this detector were performed using α, β-particles and γ-ray sources,
which proved that this detector can be used in position-sensitive experiments that
required position resolution of about 1.0 mm. This detector provides timing signal of
300 ±3 ps FWHM between DY12 of the PSPMT and the most active anode,this small
FWHM enable us to used DY12 alone as a trigger signal instead of the 64 anodes.
The time resolution of the detector was determined to be 400±5 ps in agreement
with manufactures specifications, which is sufficient to use this detector as a trigger
detector. The time difference resolution between the PSPMT DY12 and a 418 ps
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time resolution reference detector was also measured to be 580±10 ps, which confirm
the expected time resolution of the system (580 ps).
The detector ability to survive and recover after implanting high-energy ions was
tested using a laser pulsar that provide a short pulse of light chosen to maximize the
photo-electron emission in the detector system and simulated heavy ions implantation
energy of 1 GeV. The recovery time of the detector in this situation is 200 ns, which
consider an acceptable recovery time compare to the most neutron-rich β-decay half
life.
According to these results, the PSPMT detector can be used in β-decay studies
using high-energy fragmentation type experiments, where one can implant high-
energy fragmented ions. It is capable to correlate the implantation with decay
position, and provide timing signals with resolutions necessary for the time-of-flight
measurements. The PSPMT project was sent to National Superconducting Cyclotron
Laboratory (NSCL) to be built and used in future β-decay experiments with VANDLE
or with SEGA array [64]. Figure 8.13 shows the primary design of the PSPMT
detector with SEGA array at NSCL.
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Appendix A
Summary of theoretical proofs
A.1 Potential well
The potential well shown in Fig. 2.2, it can be defined as
V (r) =
 −V0, 0 ≤ r ≤ R0, r > R ,
where V0 > 0.
Equation (2.1) of Shro¨dinger radial wave function become
d2Rn`
dr2
+
2
r
dRn`
dr
+
[
k2n` −
`(`+ 1)
r2
]
Rn` = 0,
where k2n` = 2m(V0 − En`). The solutions for this equation are the spherical Bessel
functions
Rn` = `(kn`r).
For a deep well, we require
`(kn`R) = 0.
By sorting the Bessel functions roots in Ascending form and write down the quantum
numbers n and `, we can calculate the total number of nucleons in each shell, where
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the degeneracy in each closed shell is 2(2`+ 1). It was found that the magic numbers
represented by this potential are 2, 8, 18, 20, 34, 40, 58, etc.
A.2 Harmonic oscillator potential
The harmonic oscillator potential is a smooth potential as shown in Fig. 2.2. It
defined as
V (r) =
1
2
mω2r2.
Schrodinger equation (Eq.Eq. (2.1)) become
d2un`
dρ2
−
[
`(`+ 1)
ρ2
+ ρ2 − 2En`
~ω
]
un` = 0, (A.1)
where ρ =
√
mω
~
r and u(ρ) = ρR(ρ).
One can easily verify that in the limits of ρ → 0 and ρ → ∞ the solution of
Eq. (A.1) must have the asymptotic behavior like
un`(ρ) ∼ ρ`+1e−ρ2/2,
or
un`(ρ) = ρ
`+1e−ρ
2/2Fn`(ρ),
where Fn`(ρ) is well-behaved function for small and large ρ. Substitute this expression
back into Schro¨dinger equation we get
x
d2F
dρ2
+ (c− x)dF
dρ
− aF = 0. (A.2)
This is the differential form of the Kummer hypergeometric function, where x = ρ2,
c = `+ 3/2 and a =
1
2
(
`+ 3/2− En`
~ω
)
. This differential equation can be solved by
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assuming the following power series
F = a0 + a1x+ a2x
2..... ,
when substitute this solution into Eq. (A.2) we get the following recursion relation
ak+1
ak
=
k + a
(k + 1)(k + c)
.
Last relation behaves like 1/k for large k, which will diverge if there is no limit for
this series. By assuming some finite k = n where an 6= 0 but an+1 = 0, we found that
n = −a. Solve for En` we get
E = ~ω (2n+ `+ 3/2) = ~ω (N + 3/2) , (A.3)
where N = 2n+ ` = 0, 1, 2, ....
To fined the degeneracy of each energy level, a trick was adopted that divide the
number N = 2n + ` to odd and even numbers. First, if we take N to be odd, then
` must be odd or ` → 2` + 1. According to Pauli exclusion principle each ` level
is degenerate to 2i + 1 state of different quantum number m, where i is an integer
number. The degeneracy g of the odd ` values is given by
godd =
(N−1)/2∑
i=0
2(2i+ 1) + 1 =
(N−1)/2∑
i=0
4i+ 3 =
1
2
(N + 1)(N + 2).
The even ` values are treated as in odd values, where we get
geven =
N/2∑
i=0
2(2i) + 1 =
N/2∑
i=0
4i+ 1 =
1
2
(N + 1)(N + 2).
The total degeneracy is
g = (N + 1)(N + 2). (A.4)
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Table A.1 shows the nucleon numbers, energies and expected states for each value
of N produced by the harmonic oscillator potential, while Fig. A.1 shows these levels
in a graph.
Table A.1: Nucleons energy levels and the degeneracy produced by the harmonic
oscillator potential.
N EN/~ω (n, `) states Number of nucleon Total number
0 3/2 1s 2 2
1 5/2 1p 6 8
2 7/2 1s,1d 12 20
3 9/2 2p,1f 20 40
4 11/2 3s,2d,1g 30 70
5 13/2 3p,2f,1h 42 112
A.3 Isospin
Isospin is a quantum dimensionless number used to describe nuclei status, its the
name was derives from the fact that the mathematical structures used to describe it
are very similar to those used to describe the spin. Weak isospin operator related
to the weak interaction and usually referred to as T (= T1 + T2 + T3). The third
componant of isospin can be written in term of number of down and up quarks, which
can be written also in term of proton and neutron numbers as
T3 =
1
2
(Nd −Nu) = 1
2
(Z −N).
Similar to the spin angular momentum theory, T can be written in term of Pauli
matrices σ as
Ti =
σi
2
.
A leader operator can be formed as
T± =
1
2
(T1 ± iT2),
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0 1s 1s 1/2 2 2
1 1p
1p 3/2 4
1p 1/2 2 8
2 1d
1d 5/2 6
1d 3/2 2 202 2s
1s 1/2 2
3 1f
1f 7/2 8 28
1f 5/2 63 2p
2p 3/2 4
2p 1/2 2
4 1g
1g 9/2 10 50
1g 7/2 8
4 2d
2d 5/2 6
2d 3/2 4
4 3s 3s 1/2 2
5 1h
1h 11/2 12 82
1h 9/2 10
5 2f
2d 7/2 8
2f 5/2 6
5 3p
3p 3/2 6
3p 1/2 6
6 1i
1i 13/2 14 126
1i 11/2 12
N orbital spin-orbit splitting nucleon number Total
Figure A.1: Nuclear shell levels structure produced by harmonic oscillator potential
with spin-orbit splitting, The left numbers represent the shell’s numbers and the
orbital’s names before spitting, the middle characters represent the splitted orbital’s
names and its angular momentum values (`), right numbers represents the expected
numbers of nucleons that can fill these orbits (degeneracy), the boxed numbers are
the shell capacity of the nucleons (magic numbers).
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which can acts on u and d quarks as follows
T+|u〉 = T+
 0
1
 =
 1
0
 = |d〉, T−|d〉 = T−
 1
0
 =
 0
1
 = |u〉
T+|d〉 = T+
 1
0
 = 0, T−|u〉 = T−
 0
1
 = 0.
In general, we can write
T+|p〉 = |n〉, and T−|n〉 = |p〉. (A.5)
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